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ABSTRACT

Considering the gap in available information and the need of the industries such
as oil and gas production, energy, and food processing, this study focuses on the
two phase flows around bends in process pipe lines. The aim of this study is to
investigate the influence of 90° bends on the gas-liquid two phase flow behaviour
in vertical and horizontal orientations using advanced two-phase flow measuring

techniques.

An experimental study has been conducted using silicone oil with a viscosity of
5 mPa.s and air to examine the transitional flows around 90° bends of 68 mm
internal diameter (ID) with different configurations. Experiments were conducted
at ambient conditions in an open system which consists of a 68 mm ID riser of 4.5
m long, vertical upward 90° bend and two horizontal sections of a 9.2m and 5.5m
long in series with a horizontal 90° bend in between. The experimental matrix
comprises 60 combinations of gas and liquid superficial velocities, ranging from
0.045 m.s?t to 3.21 m.st and 0.15 m.s?t to 0.53 m.s? respectively. The phase
distributions within the pipes were measured using Electrical Capacitance
Tomography (ECT) and Wire Mesh Sensors (WMS). The behaviour of the flow
was examined qualitatively using high speed imaging. To study the flow
development in the riser, both ECT and WMS were placed in series and moved
along three axial locations downstream of the mixing section. During the
experiments at the bends, the ECT was kept immediately upstream while the

WMS was moved to different positions downstream of the bend.



The cross-sectional void fraction time series from the ECT and the WMS were
used to quantify the main hydrodynamic parameters of the flow including cross-
sectional averaged void fraction, bubble size distribution, radial void fraction
profiles, slug length, slug frequency, void fraction in liquid slugs, and the slug
bubble velocity. Results were compared against the available slug flow

correlations.

The results show that the phases separate shortly after the vertical to horizontal
bend leading to stratified or wavy stratified flow. Beyond a certain threshold of
the gas flow rate and liquid level, onset of slugs can be observed at a certain
distance downstream of the vertical upward bend. This work suggests that the
formation of hydrodynamic slugs downstream of the vertical upward bend is
independent of the inlet conditions upstream. The horizontal bend, unlike the
vertical upward bend, has a minor influence on the flow evolution, particularly
slug flow. This is due to the influence of gravitational force on phase separation
and its subsequent effect on the change of momentum in the vertical bend. The
flow structures, mainly slugs and disturbance waves, are slightly accelerated as
they pass through the horizontal bend with minimum change to the structure

frequency and gas holdup within liquid slugs.

Most of the existing correlations do not predict the measured void fractions in this
work as those correlations were essentially limited to the conditions they were
developed for as the basis of them lies in the curve fitting. In this work, the higher
viscosity and lower surface tension led to higher gas holdup in liquid slugs

causing the discrepancy.
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NOMENCLATURE

A Cross section area, (m?)

Co Distribution parameter of Taylor bubble velocity, (Dimensionless)
D Internal pipe diameter, (m)

D, Bubbles diameter, (m)

fs Slug frequency, (1/s)

g Gravity constant, (ms2)

G Mass flux, (Kg/m?2.s)

L Length of the pipe, (m)

L, Length of the slug unit, (m)

Lg Length of liquid slug, (m)

Lg Length of Taylor babble, (m)
L Length of the mixing zone, (m)
Q Volumetric flow rate, (m?/s)
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Chapter 1

Introduction

Multi-phase flows occur in a diverse range of industrial equipment, such as
pipelines, boilers, condensers, reactors and phase separators. Although, the
combination of gas-liquid is the most common case of multiphase flows; there are
other mixtures that can possibly be encountered; such as gas-solid, liquid-solid
and to a lesser extent (gas-liquid-water) flow. In the oil and gas industry, gas-
liquid flow is often apparent throughout the different stages of production. The
importance of multiphase flow in the oil industry was recognised over the last
decades as a crucial parameter in equipment sizing such as pipes and separators.
The understanding of the hydrodynamics of two-phase flow and hence the
underlying fluid dynamics and heat transfer is a real challenge due to the
complicity of the flow behaviour. In two-phase flow systems, gas and liquid
phases are continuously redistributed, around the cross-section and the length of
the pipe, in different structures known as flow patterns, while the change from one
configuration to another is called flow patterns transition. Flow transition from
one flow pattern to another affects the physical properties of the mixture and the
expected flow rate of a specific phase. Thus, flow patterns play a major role in the
design and operation of the industrial equipment. The importance of an accurate
prediction of flow transition has been identified; several studies have presented

the transition boundaries between different flow patterns, either in vertical or
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horizontal pipes, on 2D plots known as flow pattern maps (Taitel et al., 1980;

Mandhane et al., 1974).

The intermittent flows occur over a broad range of flow rates and are associated
with high void fraction fluctuations. Slug flow is dominantly apparent in the
pipelines of the gas and oil industry. It is generally characterised by large
elongated bubbles separated by liquid slugs. The existence of slug flow in
transportation pipelines causes high fluctuations in oil and gas flow rate at
downstream facilities. The void fluctuations generate severe vibration that may
cause damage especially at bends and other pipe fitting, moreover, corrosion can
be accelerated with existence of slug flow (Gopal et al., 1995). It is recommended
to minimise the occurrence of slug flow in the industrial pipelines to avoid the
high impact of liquid slugs on pipe fittings such as bend and T-junctions (Miwa et
al., 2015). The detailed monitoring of the slug behaviour can enhance the
prediction of corrosion rate and pipe fatigue. Therefore in this work advanced

instrumentations were used to obtain an accurate data set.

The spontaneous monitoring of the flow patterns in chemical processes is highly
desired for quality control purposes. This requires realtime measurements devices
that can offer void fraction measurements and phase distribution without
disturbing the process. Visual observation based on the observer judgment, has
been the main procedure to observe the flow behaviour, although it is impractical
in most of the industrial applications due to the opaque nature of pipes and
vessels. Several two phase measuring techniques have been proposed and
developed over the past decades; all of those techniques have their own

advantages and limitations. Therefore the selection of the appropriate measuring
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techniques depends particularly on the nature of the process including, fluid
properties, vessel size and the space available, in addition to the required

measurements.

The chaotic transition of flow patterns in straight pipes is further enhanced during
two-phase flow in pipe fittings such as bends and tees. Pipe fittings are widely
used in the oil industry production pipelines. Bends dramatically influence the
distribution of gas and liquid phases and the pressure losses. Predicting the
behaviour of gas-liquid mixtures around bends require high quality quantitative
measurements with reliable instrumentations. Therefore this work is devoted to
the air-silicone oil flow experiments in 90° bends of different orientations, in
order to gain more understanding of the effects on the gas-liquid flow

development, bends would impart.

1.1 The research background

The gas and the liquid phases tend to flow in different configurations along the
pipeline system mainly due to the difference in flow rates, densities as well as the
pipes size and orientation. Pipe fittings including bends are widely used in most of
the industrial process such as evaporation, condensation, and refrigeration. The
complex nature of gas-liquid flow behaviour increases in the presence of bends,
due to the effect of centrifugal force induced by curvature. Therefore, predicting
the unsteady hydrodynamics of the flow around bends is crucial for process
design and flow control. This becomes more demanding in offshore location

where pipe failure due to vibration and flooding incidents are unaffordable.
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As the flow passes through the bend, a secondary flow in the form of two identical
vortices is imposed to the main stream, due to the imbalance of radial pressure
created by the centrifugal force at the bend. The secondary flow in single phase
flow was theoretically proven by (Dean, 1927). It is known as Dean Motion and
its intensity is measured by a dimensionless group called a Dean’s Number( De).
The flow separation due to the secondary flow induced by the curvature has a
significant influence on the distribution of phases. It results in higher energy
dissipation than that of straight pipes and hence higher pressure loss. Moreover,
the secondary flow is associated with pressure fluctuations and flow pattern
transition which may enhance corrosion and cause problems such as burn out and
pipe failure. In a vertical configuration, the flow in bends is more complex, where
a combination of centrifugal and gravitational forces acts simultaneously, in
addition to buoyancy forces. The effect of bends is more pronounced within the
intermittent flow region, particularly slug flow. The current work realised the
importance of the experimental characterisation of slug flow through bends, using
high temporal and spatial resolution instruments. The prediction of slug flow
characterises is of a great interest to the gas and oil industries. The experimental
data was analysed in order to examine the behaviour of liquid slugs around 90

bends of different orientations.

Slug flow is a complex flow pattern that is commonly encountered in oil and gas
transportation and production. The prediction of hydrodynamic parameters of
liquid slug, mainly frequency and maximum length, is necessary in order to avoid
some operational issues such as flooding and high pressure fluctuations. The slug

flow enhances the corrosion rate in pipes, due to the turbulent region at the front
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of the slug which increases the shear stress at the pipe wall (Sun and Jepson,
1992). Slug flow characteristics, such as frequency and gas holdup are required as
inputs for two-phase flow predictive models (Dukler and Hubbard, 1975). The
presence of bends increases the potential risk of slugging phenomenon; for
instance, the direct impact of liquid slugs on bends increases vibrations in the pipe

structure.

Single flow in bends and curved pipes has been extensively investigated over the
last century, where most of the available literature about the secondary flow in
bends is mainly focused on single phase flow (Berger et al., 1983; Spedding et al.,
2004). Fewer papers are dedicated to two-phase gas-liquid flows, most of which
are focused on two-phase pressure drop across bends. A limited number of
publications have investigated the effect of bends on gas-liquid flow development
(Saidj et al., 2014; De Oliveira et al., 2014). In addition, the effect of flow

obstruction on the hydrodynamics of slug flow has not been fully exposed.

The publications that have realised the importance of the subject are few and
restricted to small pipe diameter (< 40 mm) and fluids with physical properties
incomparable to the industrial fluids. In small pipes the Taylor bubble is well
defined, in contrast to large pipes where the Taylor bubble is deformed and hence
the behaviour of liquid slugs can be totally different. Water was extensively used
as the liquid phase for most of the previous studies. This provokes the need to
investigate fluids with different physical properties, particularly fluids comparable
to the hydrocarbons encountered in the oil and gas industry. Therefore, this work
considers the investigation of air-silicone oil two-phase flows in relatively large

diameter pipes (68mm ID), using a vertical upward and horizontal 90° bend in
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series. It aims to overcome the limitations of the previous studies and provide a
reliable database, employing advanced instrumentations. The behaviour of slug in
68mm ID can be comparable to the slug occurring in the industries pipeline.
While the low surface tension silicone oil is comparable to the industrial
hydrocarbon fluids. The work also provides a detailed analysis of the main slug

characteristics at after and before 90° bends.

1.2 Aims and objectives
The design and operation of two-phase flow facilities is restricted to the limitation

of existence theoretical models in predicting two-phase flow behaviour as well as
the small range of the reliable data on two-phase gas-liquid flow. Therefore, the
motive of this work is the need of reliable data of two-phase flow in pipes
comparable to those employed in industrial piping system with fluids of relatively

high viscosity. The main aims of this work are:

e To observe the flow transition throughout vertical and horizontal 90°
bends.

e To investigate the effect of gas and liquid superficial velocities on the flow
development through 90° bends of different orientations.

Obijectives contributing to achieve the aims are:

e To design and commission a two-phase flow facility with flow control and
instrumentation.

e To test the capability of the experimental rig for the achievable flow rates.

e To study the flow development in a vertical riser.

e To evaluate the effects of the primary operation conditions on the flow

development in vertical upward and horizontal 90° bends.



Chapter 1: Introduction

e To examine the effects of 90° bends of different orientations on the
hydrodynamics of slug flow.

e To test the available slug flow models.

1.3 Thesis structure

This thesis is divided into seven chapters:
Chapter one: Introduction

This chapter contains a general introduction to multi-phase flow systems.
Furthermore, the research background is highlighted, while the problem, as well

as the main aims and objectives of this work, are defined.
Chapter two: Literature review

In this chapter, the main flow patterns in vertical and horizontal pipes are
described, where the widely used flow pattern maps are highlighted. The major
works on slug flow in straight pipes are reviewed, while the main correlations of
slug flow are discussed. The gas-liquid flow around 90° bends is extensively and

critically reviewed and the limitations of the previous studies are identified.
Chapter three: Experimental setup and procedure

It presents the design and construction process of the flow rig including the
description of the important parts such as bends and gas-liquid mixing section.
This chapter also provides the experimental procedure followed during the
experimental runs, in addition to the rig instrumentation. Finally, the methods of

data analysis and error estimation are explained in details.

Chapter four: Flow development in 68mm riser
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This chapter contains a comparison between the wire mesh sensor and Electrical
capacitance system. It presents the flow transition along the pipe at three axial
locations (15, 30 and 45 pipe diameter) downstream of the mixing section. The
change in void fraction with gas and liquid superficial velocities is also presented.
A detail analysis of the liquid slug characterises along the pipe is demonstrated

while the validation of the available slug flow correlations is discussed.

Chapter five: Gas-liquid flows development through vertical to horizontal 90°

bend

This chapter offer a detail investigation about the air-silicone oil flow evolution
through vertical upward 90° bend. The observed flow patterns are reported and
compared with established flow pattern maps. The flow transition at 3 positions
upstream and 6 position downstream of the bend is presented. The effects of the

bend on the hydrodynamics of the slug unit are interrogated.

Chapter six: Experimental characterisation of air- silicone oil slug flow through a

horizontal 90° bend

This chapter presents detailed experimental results of air-silicone oil two-phase
flows through a horizontal 90° bend. It includes the visual observations and a
comprehensive analysis of the slug characteristics at 4 locations before and 5

locations after the bend.

Chapter seven: Conclusion and future work

It includes the main findings of this work as well as the recommendations of

future work.
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Chapter 2

Literature review

Two phase gas-liquid flow through straight pipes have been widely studied over
the last several decades. Several models were developed to predict the gas-liquid
flow behaviour, however, none of those models can be generalised. The gas and
liquid phases tend to flow in different configurations along the pipe system mainly
due to the difference in flow rates, densities as well as the pipes size and
orientation. Pipe fittings including bends are widely used in most of the industrial
process where the complexity of the flow behaviour is increased due to the effect
of centrifugal force induced by curvature. Therefore predicting the unsteady

hydrodynamics of the flow is crucial for the process design and flow control.

This chapter provides an overview of the gas-liquid flow in straight pipes as well
as the main flow pattern maps available for two phase flow classification and
prediction section 2.2. The slug flow characteristics are described in Section 2.3,
where the main studies on slug flow through vertical and horizontal pipes are
reviewed. The gas-liquid flow through 90° bends is critically reviewed in Section

2.4.

2.1 Basic definitions
Before proceeding through the main chapters of this wok, it is crucial to define

some of the related terminology.
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2.1.1 Void fraction

Void fraction (g,) is one of the main parameter to characterise the behaviour of
gas—liquid two phase flows. It represents the volumetric concentration of the gas
phase over a sufficient length of a pipe (L) (Wallis, 1969). This can be achieved
only by isolating the test section, using quick closing valve. The void fraction is

defined as:

(2.1)
gg = Qq/AL

where; Q, is the volume of the trapped gas and A is the cross-sectional area of the
pipe. It is not always practical to conduct such measurements, thus the averaged
void fraction can be obtained through enormous number of instantaneous
measurements at certain location in the test section. The void fraction is a
dimensionless quantity with values ranging between 0 and 1. It is often called as
gas holdup and interchangeably used with the liquid holdup. In this work, the term

void fraction and gas holdup are used.

2.1.2 Superficial velocity

The superficial velocity represents the volumetric flow rate of a given phase per
unit area. It can be termed as gas volume flux. The superficial velocity is
calculated based on the hypothesis that a single phase flows alone in the cross

section area as:

(2.2)
Ugs = Qg/A

ws = Q;/A (2.3)

10
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In practice such velocity does not exist, since the both phases flow simultaneously
in the same channel, however, it is a useful parameter for flow characterisation. In
single phase flow the superficial velocity is equal to the mean velocity of the
given phase. The sum of gas and liquid superficial velocity gives the total volume

flux which is referred to as the mixture velocity.

(2.9)
Up = Ugs T Uy

The average velocity of each phase can be found using the following expressions

(Azzopardi, 2006):

(2.5)
Uy = U/ &g

(2.6)
w =w/(1— &g)

2.2 Gas-liquid two-phase flow in pipes

Gas-liquid tow-phase flow is a special case of the multi-phase flow in which the
gas and liquid flow concurrently along the pipe. Gas-liquid flows are commonly
encountered in different industrial application such as gas-oil industries, power
generation, and food processing. Therefore, a sufficient knowledge on the
behaviour of two-phase mixtures is a primary requirement in engineering design
and operation for these industrial processes. In gas-liquid flows, phases change
progressively along the pipe with time and distance exhibiting several geometric
configurations which are broadly known as flow regimes or patterns. This change

in flow regimes is significantly influenced by the pipe orientation, pipe size, flow

11
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rates, and the difference in phase densities. The area of multiphase flow in pipes
has received great attention due to ubiquitous industrial applications. Different
flow regimes are observed in horizontal and vertical pipes, while several
approaches were proposed to identify and predict the flow regimes including flow
pattern maps and theoretical correlations. This section provides a brief description
of the different flow regimes occurring in vertical and horizontal pipes, while the

corresponding flow pattern maps are highlighted.

2.2.1 Flow patterns in vertical and horizontal pipes

The flow regimes that can be expected in vertical upward flow are classified into
four main regimes according to Hewitt and Hall-Taylor (1970) including bubble,

slug, churn and annular as illustrated in Figure 2-1.

In horizontal pipes, the gravity acts perpendicular to the flow direction. Thus, the
liquid tends to accumulate at the bottom of the pipe while the gas tends to flow
above the liquid. According to Alves (1954), the main flow regimes in horizontal
pipes can be described as, bubbly, plug, stratified, slug, annular flows as shown in

Figure 2-1.

Bubbly flow: In this pattern, the gas phase is almost uniformly distributed within
the continuous liquid phase in the form of small discrete bubbles of non-uniform
size. The bubbles can coalesce and break up as they travel along the pipe. In the
case of upward flows, the large bubbles tend to flow in the centre while the
smaller bubbles move to the pipe wall, due to the change in the lift force. It was
reported that the critical bubble size at which a transition from wall to core peak

occurs is around 5-6mm (Tomiyama, 1998; Lucas et al., 2005; Lucas et al., 2010).

12
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Griffith and Snyder (1964) and Taitel et al. (1980) suggested that bubble/slug
transition occurs at void fraction value of around 0.25 to 0.3. In horizontal

configuration the gas bubbles tend to flow at the upper part of the pipe, due to the
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Figure 2-1: Flow patterns in vertical and horizontal two-phase flow. Adopted from
Taitel et al. (1978); (1980).

Plug flow: It is characterised by gas plugs moving along the upper part of the pipe
alternatively with liquid plugs. Gas plugs velocities are almost equal to the

velocity of the liquid.

Stratified flow: In this configuration, the gas phase flows above a liquid layer

with a smooth interface.

Wavy stratified flow: It is similar to the stratified flow except that at high gas
velocity the interface is disturbed and waves are formed along the flow direction.
Slug flow: This configuration is characterised by bullet shape bubbles, usually

known as Taylor bubbles that is almost equivalent to the size of the pipe. These

13
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large bubbles travels upward surrounded with a thin liquid film. The bubbles are
separated by liquid slugs that are more likely to contain small dispersed gas
bubbles. Different slug-churn transition models have been proposed, the main
ones are described in (Jayanti and Hewitt, 1992).0n the other hand, several
studies reported the absence of slug flow in large diameter pipes (~200mm)
(Ohnuki and Akimoto, 2000; Omebere-lyari et al., 2007; Omebere-lyari et al.,

2008).

Churn flow: It is described as unstable pattern of liquid oscillation. Churn flow is
a chaotic intermittent flow which covers wide range of gas flow rates, where in
some cases can be referred to as froth or semi-annular flow. Slug-churn transition
has been a controversial topic. Churn flow was considered as an entrance
phenomenon (Taitel et al., 1980) or a manifestation of slug (Mao and Dukler,
1993). In contrast, Brauner and Barnea (1986) considered churn flow as an
independent and developed flow pattern. In response to this argument, Hewitt
and Jayanti (1993) reported that churn flow can occur as an entry phenomenon or

an independent region between slug and annular flow.

Annular flow: In this flow pattern, the gas phase flow along the pipe core, while
the liquid phase travels upward as liquid film around the pipe and partially in form
of entrained droplets in the gas core. At specific gas and liquid flow rates, other
sub-flow patterns are observed such as mist flow and wispy-annular flow. In the
horizontal configuration, the liquid film is thicker in the lower part of the pipe due
to the effect of gravity. As the gas velocity increases, most of the liquid phase is

entrained into the gas forming a spray or dispersed flow.

14
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It can be noted that there are sub-flow regimes that can be observed within the
main flow regimes mentioned above. Flow patterns identification is subjected to
the observer judgment and experience; hence it is challenging to construct a

general flow pattern map.

2.2.2 Flow Pattern Maps

Over a half century, several flow pattern maps have been developed. Most of
those maps were generated from experimental data of adiabatic two-phase flow
systems. Those maps present the transitional boundaries between the different
flow patterns in 2D plots. The selection of the two coordinates is usually based on
dimensional parameters including superficial phase velocities, mass flow rate and
mass velocity. In some cases dimensionless groups are employed (Taitel et al.,
1980). The different parameters that can be used to identify the flow transition
were reviewed by (Spedding and Nguyen, 1980). Spedding and Spence (1993)
reviewed around 40 flow pattern maps. They concluded that neither the empirical
flow pattern maps nor the theoretical transitional models are able to consider the
difference in pipe size or phase properties. Spedding et al. (1998) reported that
there is no existing flow regimes map that can be generalised to predict the
vertical two-phase flow. It can be said that the transitional boundaries in the flow
pattern maps should not be treated as sharp distinct transitional lines, but as
transitional zones. However, there is no universal flow pattern map that can
predict the two-phase flow patterns accurately; there are several reliable flow
pattern maps that can give a satisfactory prediction within a specific range of

experimental data.
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Figure 2-2: Flow pattern map for vertical upward flow Hewitt and Roberts (1969).

For vertical upward flow, Hewitt and Roberts (1969) map, as illustrated in
Figure 2-2, is considered one of the commonly used flow pattern maps. They used
air-water data at a pressure of 3 bar and steam-water data at a pressure of 35 and

70 bar, where the overall data was presented as liquid flux against gas flux.

The well-kwon map of Taitel et al. (1980), as shown in Figure 2-3, was
developed for air-water flow in a vertical 50 mm pipe. This map unlike others is
based on theoretical models similar to the approach of Taitel and Dukler (1976)
for horizontal systems. Therefore, it is expected to be valid for a wider range of
flow conditions. Oshinowo and Charles (1974) and Spedding and Nguyen (1980)
developed their flow pattern maps, using Froude number and the volumetric ratio

as coordinates.

For horizontal flow, the flow pattern map proposed by Baker (1954) is the most
widely accepted, particularly in industrial application, as illustrated in Figure 2-4.

It was developed from experimental data comparable to the industrial conditions.
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The data was plotted as gas mass velocity against the mass ratio. Correction
factors (1 and ) were introduced to compensate for the difference in physical
properties. Baker flow patterns map was modified later by Scott (1963) who

extended the sharp boundaries to transitional zones.
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Figure 2-3:Flow pattern map for vertical upward flow by Taitel et al. (1980).
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Figure 2-4: Flow pattern map for a horizontal flow system by Baker (1954).
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Mandhane et al. (1974) developed a flow pattern map based on nearly six
thousands visual observations (Figure 2-5). It is the most widely used amongst the
available flow pattern maps for horizontal flows. Mandhane et al. (1974) suggests
that changes in pipe diameter and fluid properties have no dramatic effects on the
transition boundaries, if superficial gas velocity and superficial liquid velocity are
used as coordinates. Taitel and Dukler (1976) argued that two axes are not
enough to predict the different transitional boundaries. Therefore, they developed
a theoretical flow patterns map that considers different dimensional coordinates

for different transitional boundaries.
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Figure 2-5: Mandhane et al. (1974) flow pattern map for gas-liquid flow in a
horizontal pipe.

2.3 Slug flow in pipes

Slug flow is commonly encountered in many of the industrial applications, in
particular the oil and gas industries. It occurs over a wide range of liquid and gas
superficial velocities and at different pipe orientations including vertical,

horizontal and inclined pipes. It is an intermittent flow pattern that causes
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fluctuations in void fraction, velocity and pressure. Therefore the presence of slug
flow in industrial pipelines is unfavourable due to the damages that can be caused,
such as burnout and pipe failure, mainly at pipe fittings. The estimation of the
liquid holdup and the maximum slug length during slugging conditions is crucial

for process design and flow control.

Slugging phenomenon is categorised, based on the formation mechanism, into two
main types; hydrodynamic slugging and terrain slugging. Hydrodynamic slugging
is the common slug flow pattern that occurs in straight pipes due to a growing
disturbance over a stratified interface. This type of slugs is short and high in
frequency. Terrain induced slugging is more complex and a transient flow that
forms by the accumulation of liquid phase at the bottom of a pipeline that passes
through a hilly terrain. The pressure upstream of the liquid bridge continuously
increases to the point that it blows the liquid along the pipeline forming a long
slug. More details about the terrain induced slugging is available in (Schmidt et

al., 1980; Taitel and Barnea, 1990; Zheng et al., 1994; Al-Safran et al., 2005).

Slug flow in vertical pipes is characterised by large bullet shape bubbles
sometimes known as Taylor bubbles surrounded by thin liquid film, these large
bubbles are separated by liquid slugs that usually contains dispersed small bubbles
Figure 2-6(a). Horizontal slug flow is described as an alternating appearance of

aerated liquid slugs over a stratified liquid layer Figure 2-6 (b).

Slug flow in straight pipes has been studied extensively over the last decades.
Several theoretical models have been developed in order to provide a reliable

estimate to the complex behaviour of liquid slugs. Dukler and Hubbard (1975)
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has developed the first comprehensive model for horizontal flow. They suggested
that the slug flow can be described by a sequence of similar slug units moving at
constant transitional velocity where the slip ratio is equal to unity, while the film
around the Taylor bubble is free of any dispersed bubbles. A modified version of
this model is presented by Nicholson et al. (1978), while Andreussi et al. (1993)
developed more simplified version of the original model. Fernandes et al. (1983)
have presented a model that can be used for slug flow in vertical pipes.Taitel and
Barnea (1990) used a unified model that is applicable for pipes with different

inclinations.
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Figure 2-6: Slug Units.(a) vertical flow adopted from Azzopardi (2006), (b)
horizontal flow adopted from Al-Safran (2009b).

The Kelvin-Helmholtz instability was primarily considered to be the cause of
slugging in horizontal pipes (Taitel and Dukler, 1976). This theory fails at high
pressure and for viscous fluids, where it underpredicts the minimum gas velocity
at which the slugging occurs. Hence a similar approach to the linear stability

theory, that includes viscosity and inertia terms, has been suggested by Lin and
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Hanratty (1986). It was found that although inviscid theory predicts the onset of
slugging at low gas flow rate and atmospheric pressure, it is more likely that the
instability at this conditions will lead to 2D waves and not necessarily to slugs

(Andritsos and Hanratty, 1987).

They main hydrodynamic parameters of slug flow have been continuously
investigated over years. The main works that examined the different slug features
are highlighted in the next subsections, while the widely used empirical

correlations are discussed.

2.3.1 Slug bubble velocity

Slug bubble is widely known as Taylor bubble in vertical flow and either
elongated or Benjamin bubble in horizontal flow. A large volume of publications
have been dedicated to study the behaviour of Taylor bubbles either in stagnant or
continuous slug flow. Morgado et al. (2016) have provided a comprehensive

review on these papers.

The transitional velocity of a rising bubble in a continuous flow is adequately
correlated in terms of the slug mixture velocity and the rise velocity of a bubble in

a stagnant liquid, namely drift velocity as suggested by Nicklin et al. (1962):

@7
ugTB = Co(ugs + uls) + Ud

Where; U, is the drift velocity and C, is the distribution parameter. C, is equal to
the ratio of centreline velocity at the front of the bubble to the mixture velocity of
slug flow (U,,qx/Um). The value of C, varies from 1.2 for fully developed

turbulent flow to 2 for laminar flow (Nicklin et al., 1962). Fernandes et al. (1983)

21



Chapter 2: Literature review

found that C, is equal to 1.29 for larger diameter pipe. This difference is related to
the expansion effects and the interaction of consecutive bubbles. Mao and Dukler
(1985) suggested that the higher value of C, in Fernandes et al. (1983) work is due
to the effect of the gas holdup in liquid slugs. The propagation velocity of a
Taylor bubble increases with the increase of gas holdup. They proposed a

correlation that accounts for the dispersed bubbles in a liquid slug as:

(2.8)
Ugre = [(CO - ‘p)(um - UoggSL +U; — Uo‘p)](l - (p)_l

Where; @ = g5, /£4rp and U, is the rise velocity of a bubble in the presence of a

swarm of bubbles as presented by Zuber and Hench (1962):

EPRNTEE (29)
U, = 1.53 lWl (1-¢)""
L

Where ¢, is the averaged void fraction. Generally, there is no a precise value for
the distribution parameter C,. Bendiksen (1984) has suggested a strong
dependency of C, on Froude Number, he reported that C, =1.05 for (Fr < 3.5) and
Co =1.2 for (Fr > 3.5). For horizontal slug flow, the value of C, was reported to
vary between 1.28 and 1.35 (Gregory and Scott, 1969; Mattar and Gregory, 1974;

Dukler and Hubbard, 1975).

The drift velocity is a function of the buoyancy force. It has been experimentally
approved that it mainly depends on the orientation of the pipe and gas superficial
velocity. The maximum drift velocity is reported at an angle of around 40° to 45°
from the horizontal (Zukoski, 1966; Bendiksen, 1984; Van Hout et al., 2002a). In

vertical flow, the drift velocity is estimated by eq. (2.10) based on the theoretical
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work of (Dumitrescu, 1943) and (Davies and Taylor, 1950). This equation was

confirmed experimentally by the work of (Nicklin et al., 1962) in 26mm ID pipe.

(2.10)

U, = 0.35,/(g * D)

Where; D is the pipe diameter. For horizontal flow, although a non-zero drift
velocity is usually considered (Mattar and Gregory, 1974; Nicholson et al., 1978;
Weber, 1981), several studies argued that the absence of buoyancy in the
horizontal pipes suggests a zero drift velocity (Dukler and Hubbard, 1975;
Gregory and Scott, 1969). The drift velocity was estimated experimentally by
Zukoski (1966). It is equal to the velocity of an elongated bubble moving opposite
the liquid flow in a horizontal pipe open at one end. The work of Zukoski was
later verified theoretically by Benjamin (1968)who presented the drift velocity in

horizontal circular pipes as:

(2.11)

Uy = 0.75/gr

Where; r is the radius of the pipe. The widely used estimate of drift velocity based
on Benjamin’s work is presented in terms of the pipe diameter (Weber, 1981; Van

Hout et al., 2002a; Fabre, 2003) as:

(2.12)

Uy = 0.54,/gD

The drift velocity reaches zero in small pipes (< 5 mm ID), according to Weber
(1981). He suggested a critical Eotvos number (E,,,) value of 12, below which the

drift velocity is negligible. According to Bendiksen (1984), the drift velocity has a
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value only at Froude number below 3.5, while it approaches zero at high mixture

velocities.

The physical properties of the fluids and the pipe diameter seem to have a great
influence on the velocity of Taylor bubble. Therefore, it is beneficial to extend the
available data base of two-phase flow experiments as an attempt to reach a final

and solid conclusion on the behaviour of slug bubbles at different flow conditions.

More details on the rise velocity of Taylor bubble and the interaction between
consecutive bubbles in continuous slug flow can be found in (Moissis and
Griffith, 1962; Mao and Dukler, 1991; Polonsky et al., 1999; Van Hout et al.,

2002b; Pringle et al., 2015; Morgado et al., 2016; Lizarraga-Garcia et al., 2017).

2.3.2 Void fraction in liquid slug

Void fraction in liquid slug (gg4s,) is one of the main hydrodynamic
characteristics of slug flow. It influences the average gas fraction and can be used
to identify the transition to churn flow. The void fraction in liquid slug is an
interchangeable parameter to the liquid holdup. Therefore, the prediction of the
gas holdup within the body of the liquid slug is vital for the design and operation
of the downstream separators in the oil and gas industry. An accurate estimation

of 45, is also required as an input to the mechanistic models of slug flow (Dukler

and Hubbard, 1975; Fernandes et al., 1983).

Gas bubbles are entrained in a liquid slug due to turbulence created by the wall jet
effect of the falling liquid film in vertical flow. The mixing eddies in the front of
the liquid slug also enhances the rate of entrainment. Moreover, for viscous fluids

bubbles can be entrained through an aerated liquid film that is absorbed by the
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liquid slug. Similar mechanisms are applicable for horizontal slug flow

(Fernandes et al., 1983; Al-Safran et al., 2015).

Various models have been proposed to estimate the gas hold up in liquid slug.
These predictive models ranges from simple empirical correlations (Gregory et
al., 1978) to more complex models (Zhang et al., 2003). Table 2-1 contains most

of the common correlations for void fraction estimation in liquid slug.

It is clear that the correlations of vertical slug flow are developed from air-water
flow in small pipes, mostly 25mm ID pipes. Akagawa and Sakaguchi (1966) and
Mori et al. (1999) simply correlated the void fraction in liquid slug as a function
of the mean void fraction (g,). Sylvester (1987) developed a closure relationship
to estimate the void fraction in liquid slugs a function of the gas and mixture

velocities.

The most common correlation for horizontal flow was developed by Gregory et
al. (1978). They empirically correlated their experimental results as function of
the mixture velocity only. The correlation is simple and widely used, but it
ignores the effect of other flow parameters, such as the geometrical and physical
properties parameters. Andreussi and Bendiksen (1989) developed a semi-
empirical correlation that considers the effects of the pipe size, the inclination
angle from horizontal and fluid properties. The inclination angle from the
horizontal has a significant influence on the gas holdup in liquid slugs, the gas
holdup increase with the increase of the inclination angle (Felizola and Shoham,
1995; Gomez et al., 2000; Barnea et al., 2013). Nydal et al. (1992) reported that in

horizontal flow, the gas holdup in a liquid slug is weakly dependent on the pipe
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diameter and liquid superficial velocities. Gomez et al. (2000) proposed a
correlation based on six data sets with pressure ranges of 1.5 to 20 bar. They
reported a strong dependency of liquid holdup in liquid slug on the inclination
angle and Reynolds number. Malnes (1983) used the data of Gregory et al. to
develop an empirical correlation that considers the surface tension and the density

of the liquid phase.

Barnea and Brauner (1985) suggested that the gas in the liquid slug can be treated
as dispersed bubbly flow, therefore the void fraction in a liquid slug can be
estimated from the balance between breakage and coalescence forces. Brandt and
Fuchs (1989) debated that this assumption is not valid for air-oil flow in a large

diameter pipe, where a highly aerated mixture can be generated.

The surface tension and viscosity of the liquid phase has significant effect on the
gas holdup in liquid slug. The gas holdup increases with the increase of surface
tension (Andreussi and Bendiksen, 1989; Nydal et al., 1992; Néadler and Mewes,
1995), while it decreases with the increase of viscosity, as reported by Nadler and
Mewes (1995) Al-Safran et al. (2015) and Zhao et al. (2015), for horizontal flow
with a viscosity range of 14 to 37 mPa.s, 180 to 587 mPa.s and 919 to 6226
mPa.s respectively. The effect of viscosity on slug liquid holdup is negligible
below a mixture velocity of 2 m.s*, according to Kora et al. (2011) and Al-Safran
et al. (2013a) for a horizontal flow with a viscosity range of 181 to 587 mPa.s.
The effects of viscosity on the gas holdup in liquid slugs have not been fully
investigated. This leads to the necessity of investigating different grade of oils in

order to cover the full range of viscosities.

26



Chapter 2: Literature review

Table 2-1: void fraction in liquid slug correlations

Pipe
Source; Correlation (atg?;z) dl(anr?ne]';er Fluids
(Akagawa and Sakaguchi, 1966) 27.6 air/water
=¢gl8 90
Egs1 = &g
(Sylvester, 1987)
fast = S R
0.425 + 2.65(uys + ug)
Mori et al. (1999) o5 8
ggs1 = 0.523¢, 90 ' air/water
(Gregory et al., 1978) 51.2
1 0 25‘ 8, air/light
ggsL = 1 — U \139 . oil
1+ (g
(525
(Marcano et al., 1998) 77.9 it/
1 0
=1- kerosene
Fgsl (1.001 + 0.0179u,, + 0.0011uZ,)
Malnes (1983)
51.2 i
u 1
£g = 1— m 0 25 8 a|r/I_|ght
83(552) -+l
(Andreussi and Bendiksen, 1989)
_Frp —Fy
eSL T B _F,
50, 90 :
_ Unm _ D3 0 ’ Air/water
Frip = 72 Fo = 2.6(1-22)
sin @
F, = 2400 (1 - T) Bo~ 075
(Gomez et al., 2000) )
Eg51 = o—(0.456+2.48x1076 Re) Air/water
air/
o d 0-90 S1to 200 kerosene
= Pim No/diesel
Hi

Al-Safran et al. (2015) proposed a semi-empirical model for liquid holdup of

liquid slug in viscous fluid (180 to 587 mPa.s), based on the viscous and inertia

effects. Although, they claimed that the model showed a good accuracy when it
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was tested against a selected set of independent data (400 mPa.s), a validation
against a wider range of the available experimental data could have reinforced the

reliability of this claim.

Abdul-Majeed (2000) tested several models for predicting the gas hold up in
liquid slug &g in horizontal and slightly inclined pipes, using 435 data points
from different sources. It was reported that none of the available models is
capable of predicting the gas holdup, in inclined pipes(6 = +10°). He developed
a model in which the viscosity and the inclination angle were considered. Al-
Safran (2009b) proposed a semi mechanistic correlation based on the momentum
transfer between the body of the slug and the liquid film. This model requires an

iterative solution, using Taitel and Barnea (1990) slug flow model.

Pereyra et al. (2012) presented a comprehensive validation between the available
correlations and models of gas holdup in liquid slug, excluding the complex
correlation of Al-Safran (2009b). The Gregory et al. (1978) correlation showed
the best performance for horizontal data, while unified model of Zhang et al.

(2003) was the best for the whole range of the tested data.

2.3.3 Slug frequency

The frequency of liquid slug indicates the number of liquid slugs occurring at a
certain location within a period of time. It is a critical parameter that is related to
inherent instability of slugging conditions. An accurate estimation of slug
frequency can reduce the risk of several operational issues such as flooding of

two-phase separators and pressure pulsations and pipe failure due to severe
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vibration. Several empirical correlations and models have been proposed to

estimate the frequency of liquid slugs in pipes.

Table 2-2 summarises the main slug frequency correlations. The most widely used
slug frequency correlation is developed by Gregory and Scott (1969). They
showed that the frequency can be correlated in terms of the liquid Froude number.
This correlation was modified by Greskovich and Shrier (1972), by considering
the mixture Froude number Fr,, and the liquid volume fraction. They claimed that
their correlation and the original correlation are applicable for large diameter pipe.
Legius et al. (1997) adopted almost identical correlation to Greskovich and Shrier,

for their work in vertical pipe.

Taitel and Dukler (1977) proposed the first theoretical model for slug frequency
prediction in horizontal pipes, based on the time required for a slug to be formed
at the entrance region. The formed slug swipes the slow liquid film in front
leaving a shallow liquid layer behind. They suggested that the slug frequency is
the reciprocal of the time required for the swept liquid layer to rebuild to its
equilibrium value. This model requires a prior estimation of the minimum and the
equilibrium height of the liquid layer, by solving the momentum equation of
stratified configuration. Trononi (1990) suggested that the slug frequency is equal

to half the frequency of the unstable waves responsible for slug initiation.

Zabaras (2000) presented a comprehensive study on the available slug frequency
correlations. He proposed a modified version of Gregory and Scott (1969)
correlation where the effect of inclination angle (0° to 11°) from horizontal was

included. The correlation produced 0% average error when it was validated
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against the original data bank. This claim should be verified, by testing the
correlation against independent experimental data. Hernandez-Perez et al. (2010)
proposed an empirical correlation for air-water flow in an inclinable 67mm ID
pipe, covering inclination angles from 0 °to 90°. This correlation seems a pure
mathematical fit of the experimental data to the Gregory and Scott (1969)

correlation.

Fossa et al. (2003) showed that the slug frequency can be correlated in terms of a
dimensionless Strouhal number and liquid volume fraction. Wang et al. (2007)
and Abdulkadir et al. (2016) showed that the criterion proposed by Fossa et al.

(2003) can be applied to independent frequency data.

Al-Safran (2009a) reported that the initiation mechanism has a significant
influence on the slug frequency. The experimental results, in a 420 m long flow
loop of 50.8mm, showed that the frequency of hydrodynamic slugs is higher than
that of terrain slugs for a Froude number greater than 3 and vice versa. He
proposed a predictive model for slug frequency in horizontal flow. This model

considers the effect of pipe diameter, actual liquid velocity and the slip ratio.

More detailed descriptions of the existing slug frequency correlations and models
can be found in (Zabaras, 2000; Al-Safran, 2009a; Hernandez-Perez et al., 2010).
It is obvious that most of the available correlations are restricted to horizontal
flow. None of those correlations has shown an accurate agreement when
compared to independent experimental data. More recently, Al-Safran (2016) has
reviewed the most recent correlations, mainly those developed for high viscosity

flows. Al-Safran identified the random nature of slug frequency, due to
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dissipation, merging and regeneration of liquid slugs along the pipeline.

Therefore, he proposed a model based on the Poisson probability theory to predict

the probability of a certain slug frequency to occur. The mean slug frequency,

which is required as an input to this model, was correlated in terms of the pipe

diameter, liquid superficial velocity and slip ratio.

Table 2-2: Slug frequency correlations

Angle Pipe
Source; Correlation (degree) d'gmﬁt)er Fluids
Sylvester (1987)
_Up(1-8) 9o | 251075 | gasiwater
fs = L. gas/oil
B =1lp/ls
Legius et al. (1997)
2\ 1.02
fs = 0.0543 % (% + ;—TD”> 90 >0 air/water
m
1
Gregory and Scott ( 9116?) - . 19,38 | COuJwater
f, = 0.0226 [g_:i( —+ um)] air/water
m
Zabaras (2000)
212.6 12 :
fs = 0.0226 [g( m + um)] [0.836 0-11 25t0100 | air/water
m air/oil
+ 2.75sin(0)]
Nydal (1991)
53, 90 .
(w5 + 1.5)% 0 ! air/water
f, = 0.088 ————
. =0.088 -
Fossa et al. (2003)
o = fD 0.044X, _
Ty, 1— 171X, + 0.70(X,)? 0 40,60 | air/water
Ups
X, =——
U, + Ugs

Nydal et al. (1992), Wang et al. (2007) and Al-Safran (2009a) reported that slug

frequency is insensitive to flow development along the pipeline. On the other

hand, it has been reported that the frequency of a liquid slug decreases along the
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axial distance in a long pipeline (Scott et al., 1987). More recently Thaker and
Banerjee (2015) reported a decrease in frequency with the axial distance from the
inlet. Taitel (1987) argued that the slug length increases in long pipes due to
coalescence of consecutive elongated bubbles, and hence the frequency should
decrease. This argument was experimentally confirmed by Grenier et al. (1997) as
reported in Al-Safran (2009a). The minimum slug frequency occurs at slug
velocity of 6 m.s* according to Gregory and Scott (1969) and Heywood and

Richardson (1979).

2.3.4 Slug length

Slug length is inversely proportional to the slug frequency, thus both quantities
are interrelated. Knowledge about the maximum slug length is significant for the
design of downstream facilities in the oil and gas industries. It is acknowledged
that liquid slugs are short and unstable in the developing region. Short slugs shed
more liquid than long slugs, thus a bubble behind a short slug travels faster and
overtake the leading bubble. In the process, short slug disappears and merges with
the upstream slug. The merging process continues until the slug length reaches a

stable length (Moissis and Griffith, 1962).

The stable length has been reported to be around 8D tol6D for vertical flow
(Moissis and Griffith, 1962; Akagawa and Sakaguchi, 1966; Barnea and Shemer,
1989) )and 12D to 30D for horizontal flow (Dukler and Hubbard, 1975;
Nicholson et al., 1978; Barnea and Brauner, 1985; Andreussi and Bendiksen,
1989; Nydal et al., 1992).Theoretically, the stable slug length is defined as the
length required to attain a fully developed velocity profile at the rear of the liquid

slug i.e. the length required to absorb the wall jet created by the liquid film. The
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simulations showed similar results to the experimental observations (Moissis and
Griffith, 1962; Taitel et al., 1980; Dukler et al., 1985). Barnea and Taitel (1993)
proposed a model to estimate the slug length distribution, based on the velocity of

a bubble behind short slug.

Brill et al. (1981) proposed a correlation to predict the mean slug length in
horizontal large diameter pipes (10 cm to 41 cm), based on experimental data of
Prudhoe Bay. They found that the slug length is a function of the pipe diameter
and mixture velocity. The correlation was modified by Norris (1982) who
excluded the mixture velocity term, while Scott et al. (1989) improved the
correlation even further by expanding the data base and considering the slug
growth. Khatib and Richardson (1984) proposed a correlation to predict the mean

length of liquid slugs in vertical pipes based on a mass balance around slug units.

Due to the transient behaviour of slug flow, the statistical distribution of the main
slug flow parameters is desirable, particularly for design and operation of gas-
liquid separators. For horizontal flow, it was reported that that the slug length data
fits a log-normal distribution (Brill et al., 1981; Nydal et al., 1992). While for
vertical flow, the slug lengths seem to follow a normal distribution. VVan Hout et
al. (1992) reported that the standard deviation from the mean slug length varies
from 30% to 40%, while Costigan and Whalley (1997) reported a standard

deviation of 40% to 50% from the mean of a normally distributed slug length.

Although , the slug length is considered insensitive to the change in gas and liquid
superficial velocities (Nicholson et al., 1978; Nydal et al., 1992; Woods et al.,

2006), other studies reported an increase in slug length as the gas superficial
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velocity increased (Ferré, 1979; Wang et al., 2006). Losi et al. (2016) have
reported a strong dependency of slug length on gas superficial velocity, using air
and high viscosity oil (37 to 804 mPa.s) in a relatively small pipe (22mm ID) of
9m length. Al-safran et al. (2013b) reported a reduction in the average slug length

with the increase of liquid viscosity.

2.4 Flows in curved pipes and bends
Curved pipes and bends are unavoidable parts in the piping system of different

industrial process such as boilers, heat exchangers and in the transportation
pipelines of the oil and gas industries. It is widely known that the flow in pipe
fittings is more complicated than the flow in straight pipe due to generation of the
secondary flow which is well established for single phase flow. As the fluid
passes through the bend, the centrifugal force induced by the curvature acts
stronger on the fluid at the pipe core than that at the pipe wall creating a radial
pressure difference. This difference in pressure causes the faster fluid to flow near
the outside of the bend while slow fluid switches to the inside wall in order to
maintain the momentum balance (Berger et al., 1983). Consequently secondary
flow is imposed to the main stream in a form of two symmetrical vortices forcing
the flow to maintain a helical shape. The intensity of secondary flow is usually

defined by the Dean Number (De) (Spedding et al., 2004).

pe = re (i)
e = ne RC

Where R and R, are the pipe and the curvature radius respectively, Re is the

05 (2.13)

Reynolds number. The flow in curved channels was first reported by Thomson

(1876) who explained the behaviour of the river water through a curved path.
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(Eustice, 1910; 1911) was the first to study the effects of changing the pipe
curvature on the flow resistance. The pioneer work of Dean (1927) is the first to

theoretically confirm the secondary flow in curved pipe discovered by Eustice.

Over the decades most of the research efforts were devoted to study single phase
flow in bends and curved pipes. Extensive reviews on the subject can be found in

Berger et al. (1983); 1to (1987); Spedding et al. (2004).

2.4.1 Two-phase flow through 90°bends

Knowledge about the effect of pipe fittings on the flow development is required
for the design and operation of two-phase flow system. Bends are commonly used
in several industrial processes including evaporation, condensation, refrigeration
and gas-liquid transportation. The secondary flow, induced by the bend curvature
results in a higher energy dissipation than that of straight pipes, and hence a
higher pressure drop is expected in bends. The secondary flow usually associates
with flow separation and flow pattern transition which may enhance corrosion and
cause problems such as burn out and pipe failure (Azzopardi, 2006). The flow
separation at the bend causes instability to the void fraction and flow regimes,

especially at short distance after the bend.

The complex effects of the bends on the two phase flow is a common issue in a
wide range of industrial applications, nevertheless the available studies have not
fully exposed the subject. Some studies have investigated the effect of return
bends on the flow structure; (Banerjee et al., 1967; Traviss and Rohsenow, 1971;
Oshinowo and Charles, 1974; Usui et al., 1980; 1981; 1983; Abdulkadir et al.,

2012; De Oliveira et al., 2014). It was reported that the phase distribution of
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phases within return bends can be predicted based on a modified Froude number
(Oshinowo and Charles, 1974; Usui et al., 1983; Abdulkadir et al., 2012). The
main observations for gas-liquid flows in return bends were phase separation,
dryout zone, flow reverse in slug flow, film inversion in annular and stratified

flow (Banerjee et al., 1967; Usui et al., 1980; Usui et al., 1981).

Several attempts have been conducted to predict the two-phase flow pressure drop
in bends (Fitzsimmons, 1964; Das et al., 1991; Paliwoda, 1992; Mandal and Das,
2001; Azzi and Friedel, 2005; Benbella et al., 2009; Kim et al., 2010; Sanchez
Silva et al., 2010). Chisholm in a series of publications (Chisholm, 1967; 1971;

1980) has proposed the well-known B-type and C-type models.

Fitzsimmons (1964) generated a useful two phase pressure drop data set from a
vertical upward 90° bend of 50.8 mm ID and curvature radius of 50, 76 and 254
mm. The system operated with steam and water at high pressures. The main
observation was that the pressure drop increases with the reduction of curvature

radius of the bend due to increase in the intensity of secondary flow.

A critical review of the available two-phase flow correlations to predict the
pressure drop in bends is published by Azzi et al. (1999). They emphasised the
inconsistency of most of the equations especially at zero bend angle and zero
mass flow rate. Ultimately the B- type model of Chisholm is considered the best
available correlation at the time. The accuracy of the Chisholm B-type model was
confirmed in Azzi et al. (2002) through comparison with experimental results of
two-phase pressure drop across 90° bends with 30mm ID and four curvature

ratios. Azzi and Friedel (2005) proposed a new model to estimate the twophase
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pressure losses in vertical 90° bends. This model is based on two-phase flow
multiplier, where the Beij (1938) model is used to estimate the single phase
pressure loss in the bend. Spedding and Benard (2007) concluded that the
orientation of the bend has a significant effect on the total pressure drop. Benbella
et al. (2009). found that pressure drop in a wavy bend is 2-5 time higher than that
of smooth bends. This is mainly due to the increase of the vortexes in the
internally wavy bends which causes an increase in the friction between phases.
Sanchez Silva et al. (2010) modified the Chisholm B-type model and also
developed a new correlation. Both models showed an improvement in pressure
prediction. Hsu et al. (2015) reported a good agreement between their
experimental results of two-phase flow in small 90° bends with the prediction of

Sanchez Silva et al. (2010) correlation.

It is apparent that two-phase flow pressure around bends has received a great
attention over the past years. Several empirical and theoretical models are
developed to predict the pressure drop across bends. Some of those models have
been widely accepted for pressure drop prediction in industrial applications. On
the other hand, the effects of bends of the flow evolution seem to not being fully

exposed yet, in particular the influence of bends on the slug flow behaviour.

The air-water flow distribution around bends in a upflow bend system was
investigated by Gardner and Neller (1969) using two 76 mm ID 90° bends with a
curvature radius of 305 and 610 mm. They reported that the liquid phase can
move inside or outside of the bend depending on the dominant force within the
bend. They found that the interaction between the two forces can be expressed in

the form of critical Froude number;
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(Fr)g = u2,/gR sin® (2.14)
Where, u,, is the average mixture velocity, g is the gravitational constant, R is the
curvature radius and © is the deflection angle of the bend. It was observed that
the air moves to inside of the bend at (Fr)g > 1 and to the outside when (Fr)g <
1. Whilst the radial equilibrium between phases exists when (Fr)g is equal to
unity, since it was assumed that the two phases flow at the same axial velocity.
Abdulkadir et al. (2011) reported that the modified Froude number of Gardner and
Neller predicts well the phase distribution of air-silicone oil flow in 67mm ID

bend to an acceptable accuracy.

The capability of the numerical simulation to study the two phase flow behaviour
through bends was demonstrated by Carver (1984) who conducted numerical two
dimensional simulations in order to predict the interaction between the centrifugal
and gravitational forces. The results showed a relative discrepancy with the
experiments of Gardner and Neller (1969). The discrepancy was reduced using

three dimensional model by Carver and Salcudean (1986).

The advances in CFD technique increased the potential of the analysis to simulate
the two-phase flow in bends especially by improving the performance of the
available models. Mazumder (2012) conducted CFD simulation of single and two-
phase flow through 90° horizontal to vertical bend of 12.7 mm ID. The results
were in acceptable agreement in comparison with the available empirical models
such as Chisholm B-type and Benbella et al. (2009) models. Hamad et al. (2013)
simulated the Kerosene-water two-phase flow in vertical pipe downstream of a
90° bend, using FLUENT 12.0. The CFD analysis offered satisfactory agreement

with the experimental results except at short distance downstream of the bend due
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to the effect of the secondary flow. This might indicate the limitations of the

existing CFD models to simulate two-phase flow around bends.

The erosion due to the presence of solid particles in pipe 90 elbows has been also
investigated experimentally and numerically in several publications, using air-
sand flows (Pereira et al., 2014; Mansouri et al., 2015; Solnordal et al., 2015;
Vieira et al., 2016). All studies showed the ability of appropriate CFD models to
predict the erosion in 90 degree elbows. Pereira et al. (2014) suggested that the
empirical model proposed by Oka et al. (2005) as the most suitable for erosion
prediction industrial applications. They also found that the wall roughness
diminishes the rate of erosion. Solnordal et al. (2015) reported that the maximum
erosion depth occurs at 55° to 60° around the bend. Vieira et al. (2016) suggested
that the location of the maximum erosion rate is insensitive to the particle size.

They identified the maximum erosion rate at 45° to the bend.

The 90° elbows were found to enhance the bubble interaction of horizontal bubbly
flow, either by coalescence or fragmentation subjected to the flow conditions,
which significantly alters the interfacial area (Kim et al., 2006; 2007). The effect
of bends on the mass transfer, in annular flow regions, was studied by Mazhar et
al. (2014). They have reported two maximum areas of enhanced mass transfer;
one was in middle of the outer wall of the bend and the other occurred slightly

downstream.

Yadav et al. (2014a) examined the effect of a vertical upward 90° bend of 50.8mm
ID on the main characteristics of bubbly flow, using four pin conductance probes.

The main observation was that regardless of the upstream conditions, the
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secondary flow of the liquid phase at the bend forces the bubbles to form a
bimodal distribution in the vertical plane to the flow direction. Yadav et al.
(2014b) found that the intensity of the bend region decays exponentially along the
axial distance downstream. More recently, Qiao and Kim (2016) extended the
work of Yadav et al. (2014a) and Yadav et al. (2014b) to develop a model that can

estimate the interfacial area in vertical to horizontal air-water flow.

Silva et al. (1999) experimentally studied the effect of a sharp horizontal 90°
elbow on the main features of slug flow, using ring conductive probes in air-water
system of 41mm ID. It was reported that slug characteristics are considerably
altered due to the presence of the elbow. They observed a random behaviour of
liquid slugs after the bend. The hydrodynamics of slugs downstream of the elbow
are certainly influenced by the momentum transfer and gas expansion at the bend.
Abdulkadir et al. (2011) conducted air-silicone oil flow experiments in an
inclinable flow facility which consisted of a 6 m long pipe with 67 mm ID and 90°
bend of 150 mm curvature radius. Similar flow patterns were reported before and
after the horizontal bend, whereas the vertical bend showed significant influence

on the flow development downstream.

The behaviour of an air-water mixture through horizontal to vertical 90° bends of
34 mm diameter was studied by Saidj et al. (2014) for 5 curvature ratios.
Conductance probes were used to estimate the cross-sectional averaged void
fraction at six positions downstream the bend. They suggested that the structure
frequency is persistent to the presence of the bend at high liquid superficial
velocity; while it rises at the lowest gas and liquid superficial velocity. They also

observed an increase in the slug length downstream of the bend.
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Tay and Thorpe (2014) have developed a one dimensional theoretical model as an
attempt to estimate the magnitude of the forces acting on a horizontal 90 bend
during slug flow conditions. They reported a good agreement with their
experimental results for air-water flow in a horizontal 70mm ID pipeline. In a
related work, Tay and Thorpe (2015) found that the force traces due to the impact
of liquid slugs on the bend can be correlated by a normal distribution. A
comprehensive literature survey on the two-phase flow induced vibration can be

found in (Miwa et al., 2015).

It was noticed that the effects of flow obstacles such as bends on slug flow have
received less attention in the previous studies. In addition, water has been usually
used as the liquid phase. This indicates the need of novel experimental data that

consider the effect of bends in more details, employing other fluids than water.

2.5 Summary

It is evident that in the recent years, the importance of two phase flow behaviour
around bends has been identified. Nevertheless, most of the available studies are
limited to small pipe diameter and water as the liquid phase. Developed slug flow
in straight pipes has been the focus of researchers over the past decades. In
contrast the effects of obstruction and fittings, such as bends, on the evolution of
slug flow have been only investigated in a limited number of papers. More over
those publications that considered slug characteristics through bends were

conducted in relatively small pipes and with water as a liquid phase.

This work investigates the effect of 90° bends of different orientations on the

development of air-silicone oil flow in relatively large diameter pipes (68mm ID).
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In particular, it sheds more light on the effects of vertical and horizontal 90° bends
on the evolution of the slug flow. This experimental campaign aims to generate a
reliable database that might overcome some of the limitation of the previous
studies, using advance instrumentation such as WMS and ECT. It provides more
detailed analysis of slug characteristics before and after 90° bends, in order to

evaluate the significance of bends on flow alteration.
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Chapter 3

Experimental setup and procedure

This chapter illustrates the design and construction process of the flow rig that
was used to study the two-phase flow behaviour in vertical upward and horizontal
90° bends in series (section3.1). It also provides a general description of the
experimental arrangement (section3.2). A detailed description of instruments
employed on the flow facility is available in section 3.3, whilst the experimental
procedure is demonstrated in section 3.4. Finally, data processing methods and

error analysis are described in section 3.5 and section 3.6 respectively.

3.1 Experimental facility design and construction

The two-phase flow facility was designed and built at the L3 laboratories in the
department of Chemical and Environmental Engineering at University of
Nottingham. This rig was specifically commissioned to achieve the aims of this
project. During the design of the rig the safety and the available space were
effectively managed and a detailed cad drawing was produced. The required
length of flow development at the downstream of the mixing section and bends
was considered based on previous works in the field. The amount of silicone oil
required to run the rig was estimated in addition a suitable pump was selected to
circulate the liquid around. The flow rig consists of, a storage tank, a liquid
centrifugal pump, a mixing section, a vertical riser 4.5 m long, a 90° bend, two
horizontal sections of 9.2 m and 5.5 m long respectively with a 90° bend between

them. The test sections are made of transparent acrylic pipes with an average inner
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diameter 0.068 m. The riser and the horizontal sections are constructed using a
number of short pipe lengths connected with flanged joints to allow the
installation of the measurement equipment at various axial distances and also to
prevent risk of pipe failure due to vibration. The pipes have been smoothed at
their ends to ensure that there are no steps and hence disturbance to flow. The
return section is made of PVC pipes since observations in the return section are of
less importance in these experiments. The pipes and the bends are supported with
clamping rings mounted on steel stands that are fixed around the balcony of L3
laboratories. The two-phase mixer is made of a machined Polyvinyl chloride
(PVC) block. Two sections of 0.75m length with pressure taps at both ends are
installed downstream of the vertical and horizontal bends, to allow the variation of
measuring point downstream of the bends in order to investigate the flow
behaviour. The pipe section of the electrical capacitance sensor upstream of the
bends has two pressures taps at both bends for simultaneous pressure and voidage
measurements. The pressure taps were connected to the differential pressure
transducer through a Perspex manifold which offered an easy control of the
measurements, using automated solenoid valves and allowed sequential pressure
measurements at the desired locations. The pipes and the bends are supported with
clamping rings mounted on steel stands that are fixed around the balcony of the
L3 laboratories. The experiments were conducted at atmospheric pressure and the
ambient temperature. The flow rig was earthed using a copper strip, to eliminate
the effect of static charges on the measurements of the flow sensors. A cooling
system is available in the tank to keep the oil temperature at an acceptable range

around the lab temperature, particularly after long experimental campaigns. The
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choice of the operating fluid with the design of the mixing section and the bends

are demonstrated in following subsections.

3.1.1 Operating fluid

Silicone oil was selected as the liquid phase, due to several considerations. The
production of an oil well is commonly associated with a ratio of water to the total
volume of the produced hydrocarbons called as water cut. Water has been widely
studied as a liquid phase in two-phase flow experiments because of the simplicity
in handing water within laboratory environment. Therefore there is a need to
investigate fluids comparable to the hydrocarbons produced in the oil and gas
industries. The silicone oil used is this work has a viscosity five times higher than
that of water with noticeably lower surface tension, which makes it comparable to
the industrial fluids (hydrocarbons). Air from the central compressor is used for
the gas phase. Table 3-1 summaries the physical properties of the operating fluids

used in these experiments.

Table 3-1: Fluid properties at ambient conditions

Fluid Density (kg/m3) | Viscosity (mPa.s) Surface tension
(N/m)
Air 1.18 0.018
0.02
Silicone oil 915 5.25

Silicone oil is not a hazardous material as defined in the OSHA Hazard
Communication Standard. It is nontoxic and thermally stable. The dielectric
properties of the silicone oil are detectable using several proven advanced

instrumentation including WMS and ECT systems.
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3.1.2 Design of the bends

The bends were designed in a way that allows easy visual observation. They were
fabricated by machining and polishing a block of transparent acrylic (Perspex).
Each bend is made of two arched slabs on which a channel with semi-circular
cross section is machined. The two slabs bolted together with a rubber seal to
form the pipe bend. Two flanges are bolted at the both ends as illustrated in

Figure 3-1.

(a) Conceptual design
using AutoCAD.

(b) Fabricated  bend
using acrylic.

Figure 3-1: A schematic diagram and a picture of the designed bend.

One pair of bends was designed with internal diameter of 68 mm and curvature
ratio of 3. One bend is installed vertically at the end of riser while the other is
placed horizontally downstream of the first bend. The coincided connection

between inner wall of the bend and that of the connected straight pipe is required
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to avoid the excessive pressure drop, therefore the pipe sections before and after

the bend are smoothed to match the bend bore.

3.1.3 Mixing section design

The mixing process in two-phase flow should be performed in a way that ensure
fast flow stability and prevents high pressure drops in order to achieve flow
development within a minimum distance. The flow patterns depend mainly on the
primary bubble size (Lucas et al., 2005), however, this effect is pronounced only
for a short distance. The selection of the appropriate geometry of the mixing
chamber is governed by the flow patterns of the primary concern. In this study a
range of flow regimes are studied, thus the design of the mixer considered the size
and the number of gas distributor holes that can provide the required gas flow rate

with minimum pressure drop.

The two-phase mixer is made of a machined Polyvinyl chloride (PVC) block. It
consist of two parts; main pipe section of 68 mm internal diameter with a
tangential entry pipe of 42 mm ID for the liquid inlet. A 33 cm long concentric
PVC pipe (45mm OD) with 96 holes of 3 mm diameter is used for the gas inlet.
The holes are distributed uniformly around the cylindrical surface of the
concentric pipe in 8 rows of 12 holes each, for uniform air distribution as shown
in Figure 3-2. The air enters the bottom of the mixer through a tube of 28 mm ID.
During the experiments, air injected through the concentric distributor flow into
the annulus through the holes mixing well with the liquid introduced through the

radial inlet.
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Silicone oil —

T Air

Figure 3-2: Schematic diagram of the air-silicone oil mixer.

3.2 Description of experimental facility

The two-phase air-silicone oil flow experiments were conducted in the flow rig
illustrated in Figure 3-3. The flow facility consists mainly of a liquid tank, a liquid
centrifugal pump, a mixing section, a vertical riser, two horizontal sections, two
90° bends, air and liquid flowmeters, electronic temperature sensors and pressure
transmitters. The main pipe section has an average internal diameter of 68mm,
while the air and the liquid inlets to the mixing section are 28 mm and 42 mm

diameter respectively.

During the experiments, the silicone oil is pumped from the storage tank using the
centrifugal pump into the mixing section. A bypass line with appropriate valve
arrangement is installed for a better liquid flow control and to boost the flow
stability. The start-up and shut down procedure is available in Appendix A. The
air is supplied from a central compressed air line. Temperature and pressure of
both the liquid and the gas streams are measured prior to the mixing section by

electronic temperature sensors and pressure transmitters respectively. The silicone
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oil and air are well mixed within the mixing section and then the mixture flows
along a vertical riser of 4.5 m before it reaches the bend. This offers a 66 pipe
diameter length which should be enough for the flow development (Azzi and
Friedel, 2005; Benbella et al., 2009; Abdulkadir et al., 2012). The two-phase flow
in the vertical section is passed into the 9.2 m long horizontal test section through
the vertical upward 90° bend, and then the mixture is diverted to a second
horizontal section of 5.5 m long downstream of a horizontal to horizontal 90°
bend. The flow is returned, through a return PVC pipes that passes beneath the
main test section, to the holding tank where the phases separate. The air is vented
into the atmosphere while the silicone oil is returned to the bottom of the storage

tank prior to its reuse.

49



Chapter 3: Experimental setup and procedure

5.5m horizontal pipe —

WMS
S—— Horizontal bend
— \ ! ‘ \\ . — | : : . W

% \\\-\ e
—
©
1)

4.5m long —>

Vertical bend
erticalbend ___——

//__/ o
C——r 1 |

K’

ECT

9.2m horizontal riser
i z Silicone oll
B tank
@ P\VC section -
@ Perspex section =
ECT and WMS locations 7—)
"0 |
Air inlet O |
\ A d \ ‘
Mixing
section

Figure 3-3: A 3D diagram of the flow facility showing the main components.
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Figure 3-4: Pictures of the main parts of the flow rig.
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In all experiments, the Electrical Capacitance tomography probe (ECT) and the
Wire Mesh Sensor (WMS) are installed upstream and downstream of the bend
respectively as illustrated in Figure 3-5. It should be noted that the WMS is an
intrusive technique that could cause distortion of the flow structures and bubble
fragmentation as mentioned in Chapter 2, thus it is usually installed downstream
of the non-intrusive ECT system. During the flow measurements around the
vertical and the horizontal bends, the ECT was fixed immediately upstream of the
bend while the WMS was moved at six and four axial locations downstream of the
bend respectively. This allowed the investigation of the flow behaviour
downstream of the bend and examining the effects of secondary flow on the flow
structure. Similar procedure was repeated for the horizontal to horizontal bend,
where the WMS was located at five different axial positions downstream of the

horizontal bend.

WMS

j| 1l ’ Il n

128D 98D 69D 40D 10D 5D

ECT

~
7

Flow direction

Figure 3-5: A sketch of the ECT and WMS installation around the vertical ben.
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3.3 Flow facility instrumentation

Advanced instrumentations, including WMS and ECT system were used to
measure the void fraction along the flow facility. Flow rates, temperatures and
pressure of gas and liquid streams were measured prior to the mixing section
using, flow meters, electronic temperature sensors and pressure transmitters
respectively. All measurements were acquired simultaneously through a data
acquisition system. This section provides description of all devices used in the

flow facility and the data acquisition system.

3.3.1 Data acquisition
The data acquisition process involves data collection and processing which

includes calibration and signal conditioning. The data acquisition system (DAQ)
consists of a sensor, a DAQ hardware, a personal computer and software as
illustrated in Figure 3-6. The sensor measures a physical phenomenon and
provides an electrical signal that its amplitude is usually proportional to the
change in magnitude of measured parameter. The electrical signal undergoes the
required signal conditioning, such as amplification and filtering prior to its arrival
to the DAQ hardware. The DAQ hardware determines the resolution, sampling
rate and the input range of the signal. It converts the Analog signal from the
sensor to a binary digital code that is transmitted to the personal computer. The
software works and an interface between the DAQ hardware and the personal
computer, it allows an easy control over the data acquisition process by

integrating the DAQ hardware and computer resources.

In these experiments, NI cDAQ-9178 Compact DAQ 8-Slot USB chassis was

used along with NI9203 module DAQ hardware purchased from National
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Instruments. The N19203 module offers 8 analog channels with an input range of
+20 mA and 16-bit resolution. N19472 module was used to generate the signal
required to actuate the solenoid valves. It is an 8chnnel model that provides digital

output signals in the range of 6 to 30 V.

Sensor | =—> 6 -

/g&ku LL%’EE‘ T ==
(225 S io
DAQ Hardware =2

Figure 3-6: A block diagram of the data acquisitions system.

Each instrument was wired to a single Analog channel while all channels were
earthed using the common terminal, which is designed to isolate the ground
reference of the module. It should be noted that WMS and ECT have their own
hardware and were not wired to the NI module. The end to end electrical
calibration was conducted when the acquisition system was in its final
configuration to avoid any alteration in the signal output during the actual
measurements. The output current span of all devices is 4mA to20 mA which

corresponds to the lower and upper limit of the measurements.

LabVIEW 2013 software, offered by National Instruments, was used to create an
interface with a personal computer for data acquisition and control. The
LabVIEW is designed to convert the electrical signals to the physical values of the
corresponding measurements based on the calibration files obtained for each
measuring device, where the measurement rate is easily controlled during the

experiments and data is directly saved in Excel format for offline data analysis.
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A trigger signal from the WMS electronics was connected to the ECT hardware
and the NI cDAQ-9178 base through a BNC wire. The built-in trigger function in
LabVIEW 2013 was used to facilitate the trigger signal and initiate the data
acquisition system simultaneously with the WMS and the ECT. The LabVIEW
block diagram used to run and control the data acquisition system is available in

the Appendix A.

3.3.2 Flow rate measurement

A metal tube variable area flowmeter (Flotrak MT-50-P-TiA) with a flow range of
2-16 m®/hr and a thermal mass compressed air flowmeter (MCF0150) with a flow
range of 0 to 1000 I/min were used to measure the flow rate of liquid and air prior
to the mixing section with measurement accuracy of +2% and +3% of full scale
respectively. Both flowmeters provide direct flow reading and also output a signal
of 4-20 mA. The bore size of the liquid flowmeter was larger than the cross
section, thus a divergent and convergent section was designed at the inlet and
outlet of the flow meter respectively. This might cause a slight increase in the

pressure drop; however the accuracy of the readings should not be altered.

3.3.3 Temperature measurements
The temperature of the silicone oil and the air was measured before the mixing

section with an electronic temperature sensor (TDA-L3M) with a measurement
range of -50 to+125° C and accuracy of £ 0.5° C. It offers a direct reading display

and an analogue output of 4 to 20 mA.

3.3.4 Pressure measurements
Pressure transmitters with digital display (PDA-15) were used for pressure

measurements at the liquid and the air inlet immediately before the mixing
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section. The device offers measurement range of 0 to 6 bar with accuracy of +
0.5% FS, it also provide a signal output of 4-20 mA. Differential pressure
transmitter with measuring range of 0 to 0.865 bar was used to estimate the
pressure loss across the bends, it offers digital display as well as electronic output

signal of 4-20 mA with accuracy of £0.075% of the calibrated span.

The differential pressure system consists of a differential pressure sensor with low
and high pressure ports, a manifold with six ports and normally closed solenoid
valves of type (PU220) with a maximum opening time of 50 msec. Images of the
pressure system and the solenoid valves circuit are available in the Appendix A.
The reference pressure tap (i.e. lowest pressure) is connected to the low pressure
port of the sensor, while the other pressure taps are connected the high pressure
port through the manifold. The (normally closed) solenoid valves are located at
the inlet ports of the manifold to control the measuring location. A digital output
signal, from NI19472 module is used to sequentially energise the electromagnetic
coil of the valves. Therefore only one valve is open at the time. The opening and
closing of valves was programmed in LabVIEW, to allow automated switching
from one pressure tap to another. The LabVIEW block diagram and images of the

system are available in the Appendix A.

3.3.5 High speed imaging system

A high speed video system was used to observe the flow in the pipe sections and
around the vertical bend. The system consists of a Phantom V12.1 Camera,
Macrol05 mm and Nikon 28 mm lenses, tripod of the camera, laptop with
phantom milt cam application software installed and Dedocool cold lighting

system. The quality of the videos was enhanced by the use of LED backlighting.
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The images were taken at a frame rate of 2000 frame/s and full frame resolution
was 1280 x 800 pixels while the exposure time was 160.85 ys. The camera was
placed at the bend and far downstream of the bend in order to capture the flow
behaviour. The Macro 105 mm lens was used throughout since it gave the best

focus. An image of the system arrangement is available in the Appendix A.

3.4 Wire Mesh Sensor

Wire Mesh Sensors (WMS) were initially developed to overcome the limitations
in spatial resolution of the flush mounted electrodes. The first mesh sensor was
introduced by Johnson (1987). Reinecke et al. (1998) developed a three planes
conductance mesh sensor that provides spatial resolution of 100 pixels with an
imaging rate of 120 frames per second. The phase distribution maps are
reconstructed through image reconstruction algorithms. Prasser et al. (1998)
introduced a new wire mesh sensor that offers direct conductivity measurements
with relatively high resolution (1024 frames per second). This sensor does not
require the image reconstruction process. The simplified operating procedure of

the sensor is illustrated in Figure 3-7.

The conductive WMS mainly consists of two planes of parallel wires that are
positioned, in the cross-section of the pipe, perpendicular to each other with axial
separation of around 2mm. The sensor electronics measures local conductivity in
the space between all the crossing points. This is achieved by activating a single
wire of the wires in one plane (transmitters), using a rectangular voltage pulse,
while keeping all other transmitters grounded and measuring the currents which
flow into the wires in the other plane (receivers). Amplifier circuits are used to

convert the analogue current from the receivers to voltage. The voltage signal is
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then sampled and passed to analogue to digital converts before it is stored on a
computer, through a data acquisition unit. The void fraction distribution and
bubble size measurements can be obtain with spatial resolution of 2mm and the

time resolution of up to 10000 frames per second (Pietruske and Prasser, 2007).
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Figure 3-7: Simplified scheme of the Wire Mesh sensor that is proposed by (Prasser
et al. (1998).

Da Silva et al. (2007) have extended the application of the conductance WMS to
the capacitance measurements. The developed sensor measures the capacitance
values at the crossing point of the electrodes. It follows a similar excitation
procedure to the conductive sensor except that a sinusoidal voltage is applied for
excitation and a logarithmic detector is used to receive the output voltage in the
case of permittivity measurements. The capacitance distribution through the cross-
section of the sensor is represented by a two dimensional matrix of the current
values between all the crossing points of the electrodes. The obtained matrices
can be interpreted to a void fraction distribution by considering the proportional

relation between the electrical permittivity and the local void fraction, using the
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calibration data. The initial time resolution was 625 frames per second which was
improved later to 5000 frames per second, by using a faster analogue to digital

converter and improving the electronic circuit (Da Silva et al., 2010).

The wire mesh sensor is considered as an intrusive technique which disturbs the
flow and may cause bubbles fragmentation. Nonetheless, the obtained bubble size
measurements demonstrate an original representation of the flow structure before

deformation (Prasser et al., 2001).

The WMS can provide detail information about the flow structure. The chordal
and cross-sectional void fraction can be obtained at high temporal and moderate
spatial resolutions. The spatial resolution of the sensor is sufficient to identify
individual bubbles of the size of the grid and above. The measurements of the
bubble size distribution showed satisfactory agreement with those obtained by the
high speed imaging (Prasser et al., 2001). The radial void fraction profiles can
also be estimated as described in (Prasser et al., 2002). In horizontal flow, the
WMS can be used to estimate the liquid level through the chordal distribution
measurements (Salve et al., 2012; Rodriguez et al., 2015). The local gas velocity
and individual bubble velocities can be measured using a multi-plane sensor as in

(Manera et al., 2009).

The uncertainties of wire mesh sensor measurements are mainly attributed to the
deceleration of bubbles at the mesh at low flow velocity, in addition to the escape
of bubbles that are smaller than the spatial resolution of the sensor. More recently,
Banowski et al. (2016) reported that the loss of small bubbles can be

overcompensated by the deceleration of bubbles at the crossing point. Ito et al.
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(2011) evaluated the performance of triple plane WMS against a high speed
camera. They found that the intrusiveness of the sensor causes an obvious
discrepancy in the measurements of bubble diameter and velocity. This was
mainly due to the deceleration of small and the acceleration of large bubbles at
low and high liquid flowrates respectively. Banowski et al. (2016) suggested the

WMS performs best at a liquid superficial velocity above 0.4 m.s™.

The reliability of the WMS measurements has been extensively evaluated over the
last decade. The first validation of the WMS performance was conducted against a
single beam gamma-ray densitometry (Prasser et al., 1998). The results of vertical
air-water flow showed that the WMS estimated the volumetric void fraction with
an absolute relative error of 8%. The WMS sensor has been tested against several
established measuring systems, including; high speed imaging (Prasser et al.,
2001), ultrafast X-ray tomography (Prasser et al., 2005; Zhang et al., 2013;
Banowski et al., 2016), conductive needle probes (Manera et al., 2009), gamma
densitometry (Sharaf et al., 2011), quick closing valves (Salve et al., 2012) and

electrical capacitance tomography (Azzopardi et al., 2010).

The WMS showed a good agreement with ultrafast X-ray tomography in terms of
void fraction measurements and the radial void fraction profiles. It also showed a
satisfactory agreement with the conductive four tips needle probes for
measurement of two-phase parameters such as void fraction, bubble velocities and
interfacial area in a vertical upward flow, where WMS offers higher spatial
resolution. In the comparison with quick closing valves, the WMS showed higher
deviation in the intermittent flow region while the agreement was highly

improved in annular flow. It might be said that the quick closing valves is not be
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the best option for intermittent flow, since different lengths of the test section may
give different measurements. Both the ECT and the WMS give similar same
mean void fraction and frequency. One advantage of the WMS is the capability to
provide detailed bubble size measurements, whereas the ECT can provide the
structure velocity without disturbing the flow. A detailed and quantitative
comparison between dual mode WMS and gamma densitometry (GD) showed an
acceptable agreement for void fraction measurement at the pipe core with a
deviation of £10%, while the deviation increases at the pipe wall (Sharaf et al.,

2011).

Pietruske and Prasser (2007) demonstrated the ability of WMS to operate at high
pressure (7Mpa) and temperature (286 °C). Recently, Kipping et al. (2016) have
designed an industrial WMS that can provide online void fraction measurements.
They also claimed that the main gas-liquid flow patterns in vertical upward flows
can be identified, using an algorithm based on the probability distribution of the
measured void fraction. More details about the application of the WMS in
multiphase flow can be found in (Velasco Pefia and Rodriguez, 2015). They have
presented a comprehensive critical review about the performance and application

of the WMS in different flow environments.

It can be concluded that the WMS has been tested and used successfully for two-
phase flow measurements over the last 15 years. Despite being intrusive, it can be
considered a reliable and safe alternative to the available measurement techniques.
It offers high temporal and spatial resolution measurements at a lower cost in
comparison to Gamma radiography and X-ray tomography. The WMS offers

spontaneous void fraction measurements over the pipe or the vessel cross section.
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It can also identify single bubbles due to its high temporal and spatial resolution;
therefore bubble size distribution can be obtained. While the structure velocity

and can be estimated using dual plane sensors.
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Figure 3-8: A 24x24 Wire Mesh Topographic system.

The capacitance WMS that was developed by Da Silva et al. (2007) was used in
this work due to the low relative permittivity of the silicone oil. The sensor that
was employed in this work consists of two electrodes. Each electrode has 24
parallel stainless steel wires of 0.12mm diameter separated by a lateral distance of
2.8 mm (Figure 3-8). Electrodes were placed perpendicular to the flow direction
with an axial spacing of 2mm. The measuring points that were out of the pipe
cross-section were eliminated during the data processing. The sensor is able to
obtain data with a frequency of 1000 Hz and spatial resolution of 2.8mm. Due to
the fact that the wire mesh sensor disturbs the flow and induces the breakup of the
bubbles as reported by Prasser et al. (2001), it is not practical to use two sensors in
series for simultaneous measurements and hence in this work, the ECT system
was used in combination with WMS. The WMS was placed downstream of the
bend while the ECT is fixed at immediately upstream of the bend for the vertical

and horizontal configurations.
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3.4.1.1  Calibration procedure and void fraction
extraction

Calibration procedure was conducted prior to the main experimental runs, in
which the measurement is taken first for pipe full with low permittivity fluid (air)
and then the process is repeated for the pipe full with high permittivity fluid
(silicone oil). The calibration files are saved separately and then used to obtain the

void fraction data from the raw files.

The WMS generates data in a form of 3D matrix V(i,j,k) which corresponds to the
voltage measurements at each crossing point (i,j) at time interval of k, where i
and j represent the thin wire of each plane. According to Da Silva et al. (2010) the
voltage measurements are proportional to the fluid permittivity and can be

represented by:

(3.1)
V=aln(e,) +b

Where; a and b are constants that can be determined through the calibration
measurements. The measurements first conducted for the pipe filled with the gas
phase with permittivity &¢, resulting in a reference voltage matrix V¢ (i,j). The
same procedure is repeated for the pipe full with liquid phase with permittivity of
g,. This generates a reference data matrix VX(i,j). The mixture permittivity can

be estimated based on equation (3.1).

(3.2)
V(i,j k) =alney,(i,jk)+b
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By applying the boundary conditions to the equation (3.2), the constant can a and
b can be calculated. The permittivity distribution in the sensor cross section can be

represented as:

em(i,j, k) =exp KV(i,j, k)._. b(i'j)” &)
a(i,j)

Since the effective permittivity is linearly dependent of the phase fraction, then

the void fraction can be measured from the obtained permittivity using parallel

model as given in equation (3.4).

v~ Em(l,J, k) (34)

&
a(i,j, k) =
h gr,L - gr,G

3.5 Electrical Capacitance Tomography

Electrical capacitance tomography (ECT) is a non-intrusive technique in which
the sensor electrodes are equally distributed around the exterior of the test section
(non-invasive). The capacitance is measured between all pair of electrodes. The

ECT system is described in details in Hammer (1983) and Huang (1986).

The ECT sensor operating principle is based on measuring the dielectric
properties (permittivity distribution) of the fluid within the sensing area of the
electrodes which are distributed on the exterior of the pipe cross section as shown
in Figure 3-9. The electrodes are excited sequentially while the capacitance
between the excited electrode and the all remaining electrodes is measured. This
means that for sensor with N electrodes, N (N-1)/2 measurements are obtained.
The acquired measurements are used to extract the permittivity distribution using

an appropriate image reconstruction system. The ECT system consists of
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capacitance sensor, data acquisition unit and data processing unit as shown in

Figure 3-10.
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Figure 3-9: Measurement principle of an ECT system (Dyakowski et al., 2000).
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Figure 3-10: Electrical Capacitance Tomography system

The ECT sensor consist of 8 to 16 electrodes (Rautenbach et al., 2013) arranged
around the exterior of an insulated section, earthed guards are used between the
electrodes to minimise the capacitances between the adjacent electrodes. An
overall screen is employed to shield the sensor from the external electromagnetic
fields (Beck and Williams, 1995). A stray immune circuit is usually implemented
to acquire the capacitance between the selected electrodes only. It ignores the
stray capacitance between the selected electrodes and earth as well as between the

selected and unselected electrodes (Huang et al., 1988). Calibration procedure is
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required to maintain the offset and gain balance due to the change in sensitivity
between different electrodes. The capacitance measurements for sensor full with
the lower permittivity are stored as offset (zeros) values and those for the sensor
full with higher permittivity fluid are stored as gain values. A data acquisition unit
is employed to collect data , control the excitation process, digitise the capacitance
value and send them to the computer (Huang et al., 1992). An appropriate
interface is required to send obtained data from the data acquisition unit to image

reconstruction computer in which image reconstruction algorithms are applied.

35.1.1 Image reconstruction

The image reconstruction (the inverse problem) is a complex process which
requires estimating the permittivity distribution from the obtained capacitance
values. The opposite procedure is called the “forward problem”, which involves
obtaining the measured capacitance values from an identified image (or
permittivity distribution). The inverse problem has no analytical solution due to
non-linearity of the governing equation (Poisson’s equation). Therefore, an
appropriate algorithmic should be applied. The linear back-projection (LBP) is the
first and most commonly used algorithm for image reconstruction, despite the low
resolution resulting from signal deformation. It is simple and fast and can be used
as iterative or non-iterative technique (Huang et al., 1989; Xie et al., 1992,
Isaksen, 1996). Yang and Peng (2003) have reviewed most of the available image
reconstruction algorithms for ECT system. More details on the electrical
capacitance tomography, particularly on the electrode design, data acquisition

system, image reconstruction algorithms and applications can be found in (Beck
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and Williams, 1995; Isaksen, 1996; Reinecke and Mewes, 1996; Dyakowski et al.,

2000; York, 2001; Rasteiro et al., 2011).

The ECT has been developed over the past years. It has been widely used for flow
Imaging and void fraction measurements in various processes, including fluidized
bed (Wang et al., 1995), fluidized bed dryer (Chaplin and Pugsley, 2005), oil
pipelines (Yang et al., 1995), pneumatic conveying (Azzopardi et al., 2008),
cyclone dipleg (Sun et al., 2008), vertical gas-liquid flow (Azzopardi et al., 2010),
flow separation in T-junction (Baker, 2003) and it has been employed
successfully in combination with WMS to study two-phase flow in bends
(Abdulkadir, 2011). More recently, Sardeshpande et al. (2015) reported the ability
of ECT to obtain void fraction measurements in opaque flow of bubble column.
Mohamad et al. (2016) demonstrated the capability of ECT system to visualise

oil-water flow and provide consistent phase distribution measurements.

Although, the ECT technique provides a low resolution imaging, generally it
gives accurate volume fraction measurements in the disperse system. In addition,
a dual plane ECT sensor can provide velocity information, using correlation
function (Azzopardi et al., 2010). Rautenbach et al. (2013) summarised the
advantage and the limitation of the ECT system in comparison to X-ray
tomography. The main advantage of the ECT system is the capability of an online
imaging which makes it suitable for process control. The main drawback is the

limited spatial resolution for large pipes.

It can be concluded that the recent development of the ECT system especially in

term of spatial resolution makes it a reliable non-intrusive technique. It is highly
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tested and can provide velocity and void fraction information. The ECT system is

easy to operate and can be used safely in laboratory applications.

In this work, a twin plane sensor was used. The sensor consists of 8 electrodes
mounted around the outer circumference of the pipe. The sensor was mounted
around an insulating pipe, with an axial distance of 89 mm between the measuring
planes. A brass sheet was placed around the sensor; it was designed to work as a

stray immune capacitance measuring circuit to isolate the selected electrodes.

The TFLR5000 ECT system used in these experiments is supplied by Process
Tomography LTD. It consists of 8 electrode twin-plane sensor, data acquisition
unit and personal computer (PC) for data processing. The data acquisition unit
contains 8 capacitance nodes and 8 driven guard excitation nodes for each plane to
ensure uniform electric field over the cross section of the sensor. It is controlled
by a PC through ECT32 control software operates under windows XP operation
system. The ECT 32 software control the twin plane sensor to measure the
capacitances between ungrounded electrode pairs at a speed up to 5000 frame per
second. The captured data can be saved and played back at adjustable frame rates
either in a form of images or normalised capacitance. TFLR5000 ECT system
applies the linear back projection algorithm to reconstruct the cross-sectional
distribution of the capacitance values inside the pipe. The measurements were

recorded at sampling frequency of 1000 Hz for 60 seconds.

3.5.1.2  Calibration procedure and void fraction
extraction

The calibration procedure is conducted in a similar way to the WMS, where the

sensor is filled with the low and the high permittivity fluids in turn, and then
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measuring the capacitance values at these to limit values. The calibration data is
then saved as a reference file that is used to normalise the unique capacitance

measurements between all pairs of electrodes.

According to Huang et al. (2003), the normalised capacitance can be represented

by:

Ci = Cor (35)
Cmi - Coi

Cri =
where C; is the ith measured capacitance between the electrodes, C,; and C,,; are
the i, measured capacitances for sensor full with low and high permittivity
material respectively. Since the capacitance is proportional to the material
permittivity equation (3.5) can be written as:

Em — & (3.6)

Cri =
En — &

Where; ¢, and g, are the permittivity of low and high permittivity phases, while
&y IS the effective permittivity of the mixture within the sensor. When the sensor
is full with the low permittivity phase, the volume fraction of the high permittivity
material will be zero, while the volume fraction will be one when the sensor is full
with high permittivity material. The volume fraction for sensor contains both low
and high permittivity material can be calculated, assuming a linear relation
between the lower and higher permittivity limits during the calibration (Huang et

al., 1989).
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3.6 Experimental methodology

The two-phase flow development through vertical and horizontal 90° bends was
investigated experimentally. Electrical Capacitance Tomography (ECT) which is
described in detail by Hammer (1983) and Huang (1986) and the Wire Mesh
Sensor tomography (WMS), that introduced by Prasser et al. (1998) and
developed for capacitance measurement by Da Silva et al. (2007), were used to
obtain real-time void fraction measurements in these experiments. These
measurements techniques have been widely tested over the years. For instance
WMS measurements showed a good agreement with X-ray tomography and
Gamma radiography for void fraction measurements as reported by Prasser et al.
(2005) and Prasser (2000), whereas Azzopardi et al. (2010) concluded that the
ECT and WMS give similar mean void fraction, they also highlighted the
advantage of each technique. The ECT and WMS are installed upstream and
downstream of the bends respectively. It should be noted that the WMS is an
intrusive technique that could cause distortion of the flow structures, thus it is

usually installed downstream of the non-intrusive ECT system.

To investigate the two-phase flow around the vertical 90° bend, experiments are
designed using ten gas superficial velocities in conjunction with six liquid phase
superficial velocities giving a total of 60 conditions. The experimental matrix is
available in the Appendix A. This flow range corresponds to bubble and
intermittent flow (slug and churn) in the vertical pipe. A data acquisition system
using LabVIEW software was developed for simultaneous acquisition of data
from all devices. A trigger signal from the WMS is used to initialise the ECT and

the other measuring devices including flowmeters. The pressure drop across the
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bend is measured using a smart differential pressure transmitter with range of 0 to
0.865 bar. The differential pressure transmitter was connected to the pressure
tappings, through a manifold; this allows measuring the pressure difference at
different locations sequentially and offered simultaneous measurements with the

WMS and ECT system.

During each experiment the flow rate, pressure, temperature and void fraction
were measured after allowing the flow to stabilise. The process was repeated for

each run until the full set of experiments was completed.

The cross-sectional void fraction data was averaged over a period of 60 seconds at
an acquisition rate of 1 kHz. The consistency of the results was checked through
data analysis process which included estimating the probability density functions
(PDF), frequency and structure velocities. The PDF plots of cross section
averaged void fraction time series data was used to identify the relevant flow
pattern. The power spectral density method is applied to obtain the frequency of
the time series data that describe the periodicity of the flow structure such as slugs
whilst structure velocity was determined by cross correlating the time averaged

void fraction distribution of the twin-plane ECT sensor.

3.7 Signal analysis and data Processing

The instrumentations that were used in this work such as the capacitance WMS
and ECT system offer a wide range of detailed data about the two-phase flow
structure at remote locations. Real-time measurements in the form of void fraction

time series were obtained from both sensors.
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The time series data of the void fraction distribution was used to estimate several
flow parameters including; the probability density functions (PDFs), radial void
fraction, bubble size distribution, structure frequency and structure velocity. This
section explains the procedure that was employed to process the raw data obtained

from the measuring devices in order to generate expressive results.

3.7.1 Data Characterisation

Signals obtained from any experiment are generally classified to either random or
deterministic signals, in other words, non-predictable or predictable data. Most of
the physical processes produce non-deterministic data. The understating of the
nature of the generated data is essential for selecting the appropriate methods of

analysis.

A random signal represents a random change in the frequency and the amplitude
of the physical phenomenon. Random data cannot be predicted mathematically in

time and it can be either stationary or nonstationary.

Data obtained from this work exhibit a random nature where the void fraction
signal is varying randomly with time. It can be presented by the probability of
occurrence or the mean averaged values of the void fraction. This randomness of
the void fraction signal can be identified through the probability density function,
power spectral analysis and the autocorrelation of the time series sequence of the

void fraction data (Bendat and Piersol, 2011).

The analysis procedure employed is often justified based on the type of the
random signal as being either stationary or nonstationary. The following

subsections illustrate the main tests that were conducted to characterise the
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generated data. Detailed information about random data processing is available in

(Bendat and Piersol, 1980; Bendat and Piersol, 2011)

3.7.1.1 Stationarity test

A random signal is considered to be stationary if the mean values p,(x) and the
variance of the random data stay unchanged with time. In order to perform the test
of stationarity, the recorded signal should be divided into smaller intervals (n) of

size (N). Then the mean value and the variance of the intervals can be estimated

by:

N
1 (3.7)
Wy (X) = N E X

i=

[y

2 =13 0 7
N i=1
In this work, the void fraction time series was split into several intervals of
similar sample sizes. It is noted that the change in the mean and variance was
almost constant, for a sample size greater than or equal to 5000 data point and at
measuring frequency of 1000Hz. The results indicate that all the averaged values
are almost invariant with time, and hence the data can be considered stationary, as
illustrated in Figure 3-11. The stationarity test can also be conducted using
nonparametric methods such as the reverse arrangement test detailed in (Bendat
and Piersol, 2011). Autocorrelation function can be used as well to identify
stationary data, where the autocorrelation sequence should decay to zero with the

increase of time delay, in case of random stationary data.
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Figure 3-11: The moving average and variance of 1 minute signal divided into 6
intervals of 5 second length.

3.7.1.2 Periodicity test

There are several different methods to identify the periodic nature of a signal,
including; visual observation of the time series or the power of the probability

density function, the autocorrelation function and the spectral density function.

In this work, the autocorrelation function R,, was used to identify the periodic
structure of the void fraction time series which subsequently was used to estimate
the frequency implementing the power spectral density analysis as explained later

in this chapter.

Autocorrelation function of stationary random process is a measure of the
dependency of the future data on the previous observation. It can be estimated by

multiplying a delayed signal by its original record (Bendat and Piersol, 2011).

1% (3.9)
Rea(ty ty +7) = ) x(t)x(ty +7)

i=1
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Figure 3-12 shows clearly the periodic nature of the void fraction time series of
60000 data point obtained at 1000Hz frequency. Similar procedure was applied to

all cross-sectional averaged records of the void fraction.
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Figure 3-12: Autocorrelation sequence for time averaged void fraction signal
recorded at 1000Hz frequency for 1 minute.

Since the mean values of the void fraction time series is invariant with time and
the autocorrelation function depends on the time delay and it decays at time delay

T > 0, the data is considered to be weakly stationary.

Generally the weakly stationary data, that fits normal distribution, denotes
strongly stationary data as suggested by Bendat and Piersol (2011), since the
probability distribution is derived from the mean values and correlation functions.
In this work, due to the existence of bimodal distribution that is associated with
the intermittent flows, the averaged time series void fraction signal varies from
strongly stationary to weakly stationary. In both cases, the analysis methods that

were used in this chapter are valid and justified.
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3.7.2 Sampling frequency

The void fraction data was captured at sampling frequency of 1000Hz for 1
minute for the most of flow patterns except in the case of intermittent flows (i.e.
slug flow). for intermittent flows the measuring time was increased to 5 minutes
and the frequency was reduced to 400Hz, in order to capture meaningful statistical
representation of the flow. The selected sampling frequency is sufficient to
capture the fast moving structure and fulfils the sampling theorem; hence spectral

density analysis can be performed to the signal.

Sampling theorem suggests that the sampling frequency should be at least twice
the maximum frequency of the signal (Nyquist frequency), in order to avoid the

issue of aliasing.

(3.10)
f:S‘ 2 zfmax

Therefore, in order to avoid misinterpreting the contribution of any possible
frequency components, the time series signal should be constructed with an

interval size equal to Nyquist interval:

(3.12)
A=

2fmax

In this work, 1000Hz and 400Hz are much higher than the maximum dominant
frequency of the void fraction time series; though, it was required to capture the
fast moving structures. Consequently, the computational time of the data

processing was increased.
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3.7.3 Time averaged void fraction from WMS and ECT

For the WMS, both time and cross-sectional averaging of the void fraction were
calculated as illustrated by Prasser et al. (2002). The total time averaged void
fraction distribution of each individual sampling period can be estimated through

averaging over the cross section.

imax J max kmax (3.12)

e IDIPIHCH
aii-&; j,
kmax Y v

i=1 j=1 k=1

&=

This averaging is based on weight coefficients a;; that incorporate the
contribution of each crossing point (i,j) to the total cross sectional area of the
sensor (Figure 3-13-a). Where k,, 4, is the number of instantaneous void fraction

distribution, i,,,, and j,., are the total wire in both planes.
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Figure 3-13: Weight coefficients for estimating the time averaged local void
fractions, adopted from Prasser et al. (2002).

On the other hand, the radial void fraction profiles can be obtained by averaging
the local instantaneous void fraction over measured period and over a number of

radius intervals (m). The sensor is divided into a number of ring-shaped intervals
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with increment of Ar = Riensor/m as shown in Figure 3-13-b. The weight
coefficients a; ; ,, represent the contribution of each measuring point to a ring of

number (m). The radial time averaged void fraction can be written as:

imax J max kmax (3.13)

1
=02 D D ek
max =1 k=1

i=1

For ECT system, the void fraction can be obtained using the method suggested by
Huang et al. (2003) for void fraction measurement which is based on the
reconstructed images of the ECT system. The void fraction can be estimated
through analysing the reconstructed images, since the grey level (f) of the image
represents the distribution of the phases. Therefore the void fraction can be

estimated as:

(Z 1f] ) (3.14)
A

e=1-
where N is the number of pixels, A; is the area of jth pixel and A is the pipe cross
section area. The voidage can be also estimated from the normalised capacitance

measurements by calculating the average of the normalised capacitance values in

a single image frame as:

(Z CTl) (3.15)
M

where, M is the total number of the measurements between all electrode pairs and

Cr; is the normalised capacitance between i electrode pairs.
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3.7.4 Bubble size distribution

Bubble size measurement and bubble size distribution can be obtained from the
WMS void fraction measurement as illustrated by Prasser et al. (2001), where

bubbles diameter can be calculated from the bubbles volume as:

(3.16)

D, = 36/m.V,

Where V,, is the volume of a given bubble that can be estimated by identifying the
corresponding local instantaneous void fraction. Then the equivalent bubble

diameter can be used to obtain the statistical distribution.

The procedure requires identifying the individual bubbles first and then estimating
the volume of each bubble through the integration of the local gas fraction.
Prasser et al. (2001) used the recursive fill algorithm to identify the bubbles from
a 3D array of local void fraction. The filling procedure initiates at a local gas
fraction maxima (i.e. highest gas fraction within its neighbourhood) and it is stops
when the gas fraction is lower than the local maxima with a certain threshold,
called the differential threshold. An optimum threshold value of 10% is
recommended. It was reported that at lower value, below 10%, unrealistic
artefacts are identified as individual bubbles, whilst at higher threshold value

unrealistic coalescence was reported.

Similar procedure was implemented in this work to estimate the bubble size
distribution from a 3D array of instantaneous void fraction measurements. The fill
algorithm was included in the data processing software package provided by
Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf, Germany.

The obtained bubble size distribution from this method represents the partial
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contribution of a class of bubbles to the total gas volume fraction, instead of the

number of bubbles distribution.

3.7.5 Liquid level

The WMS sensor generates a three-dimensional void fraction array ¢;;, as
explained earlier where the indices [i,j] indicate the local void fraction in the
cross-section of the pipe (i.e. crossing points of the electrode wires) and k is the
represents the variation of the voidage in the time domain. Figure: 3-14 shows the

cross-sectional coordinates of the (24X24) WMS sensor.
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Figure: 3-14: Coordinates of the measuring points used in identifying the interface
height between phases in a horizontal pipe. (Black and red colours represents liquid
and gas phase respectively).

The averaged chordal void fraction profiles were used to estimate the liquid level.
The void fraction was averaged in the horizontal plane producing a 24x1 matrix
for each time frame. The vertical distance is normalised by the pipe diameter

where h/D= 0 at the bottom and equal to 1 at the top of the pipe.
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The results of the chordal void fraction profiles in the vertical direction exhibit
three regions; a low void fraction region at the bottom of the pipe, a high void
fraction region at the top and an intermediate region in between as illustrated in

Figure 3-15.
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Figure 3-15: The vertical mean chordal profiles of the void fraction at several time
frames.

Stratified flow pattern is associated with a sharp change in void fraction at the
interface. The void fraction value at which the sharp change occurs is around 0.2.
Therefore, the interface height was identified from the vertical chordal void
profile, using a voidage threshold value of 0.2. When this threshold value was
increased up to 0.5, an insignificant change in the interface height estimation was
recorded. This indicates that the measuring points are more likely to be immersed
in liquid if the local void fraction is below 0.5. This procedure was implanted in
MATLAB and the time series of the liquid level was obtained at all flow

conditions.

81



Chapter 3: Experimental setup and procedure

3.7.6 Probability density function

Probability density functions (PDF) demonstrates how often each value of void
fraction occurs within a particular range. PDF plots show the rate of change of
probability with void fraction values, where the total area under the PDF plot
should be equal to one. The PDFs has been widely used to identify the relevant
flow patterns. It has showed the ability to discriminate between the main flow
patterns. In addition, PDFs can be also used to estimate different flow parameters
such as film thickness, slug length and bubble length in slug flow (Jones and

Zuber, 1975).

The PDFs plots of the cross-sectional averaged void fraction are used to identify
the corresponding flow patterns based on the work of Jones and Zuber (1975) and
Costigan and Whalley (1997) in which they pointed out that the PDFs of the void
fraction data can be used to discriminate quantitatively the main flow patterns.
Bubbly flow is associated with a single peak at low void fraction, while churn
flow is represented by a single peak with a wide band at high void fraction and a
tail stretched to low void fraction. Slug flow, as internment flow pattern between
bubbly and churn flow, is identified by a twin peak PDF signature, one at low
void fraction corresponding to the void fraction in liquid slug while the other at

high void fraction representing Taylor bubble.

The PDF of the cross-sectional averaged void fraction was estimated using the
hist function in MATLAB. The void data was distributed to 100 bins to produce
the histograms. A histogram is a specific type of bar chart that indicates the
number of occurrences of void values within a certain range. A histogram is

created by distributing the measurements into intervals, where the rate of change
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of the probability in the ordinate plotted against the void fraction values in the

abscissa.

3.7.7 Structure Frequency

The frequency of the structures was estimated using the method proposed by
Hazuku et al. (2008) for large disturbance waves. The void fraction signal from
the WMS and ECT was used to estimate the front and the tail of the liquid slug as
illustrated in Figure 3-16. A liquid slug is defined as a part of the signal whose
peak is higher than the upper average of the liquid holdup and both ends are lower
than the average of the liquid holdup. The part of the signal between two trailing
liquid slugs represents a Taylor bubble. A MATLAB script was developed to

implement this method.
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Figure 3-16: Identification of flow structures in the calculation of the structure
frequency.

The power spectral density (PSD) method was also applied to obtain the
frequency of the time series data that describe the periodicity of the flow structure

such as slugs. The PSD was estimated through discrete Fourier transform of the
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autocorrelation sequence of the time series, according to Wiener-Khinchine

theorem, as shown in equation (3.17):

+o0 (317)
Sxx(f) = J Ry (T)e_jzndeT

— 00

Where; R,, is the autocorrelation function of the void fraction time series as
described by equation (3.9) while S,.,.(f) is the power spectral density as reported
by (Bendat and Piersol, 1980). This procedure was implemented in MATLAB
using fast Fourier transform (FFT) algorithm. Fourier analysis transforms the void
fraction data from its time domain into the frequency domain. Figure 3-17 and
Figure 3-18 show an example of the PSD analysis that was applied to the

recorded void fraction time series signals.
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Figure 3-17: A sample of the time series (a) and the autocorrelation sequence (b) of
cross-sectional averaged void fraction sampled at 1000Hz.
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Figure 3-18: Power spectral density of the void fraction time series.

The results from described methods were in a good agreement with the manual
counting of the peaks in the time series signal of the cross-sectional averaged void

fraction.

3.7.8 Structure velocity

The structure velocity was determined by cross correlating the void fraction time
series obtained from the twin-plane ECT sensor. The sensor planes are located at
0.089m apart, hence the signal recorded by the first plane will be received at the
second plane at a time delay of AT without any significant distortion as shown in
Figure 3-19. The cross-correlation function is, in fact, the autocorrelation of a
signal delayed by certain time 7 as in equation (3.18). In this case x and y
represent the signal at the first and second plane of the ECT system respectively.

Thus the cross-correlation is given by:

1< (3.18)
Ryy(ty,ty +7) = Nz x(t)y(t; + 1)
i=1

The cross-correlation sequence exhibits a sharp peak at the time of delay; thus the

peak occurs at zero only if there is no delay in the signal. In these experiments, the
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cross-correlation peak indicates the lag in the number of data points received by
both sensors as illustrated in Figure 3-20. The first sensor always leads the second
sensor by certain number of data points. This value of data points is divided by the

sampling frequency (fs) to obtain the actual time delay (7).
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Figure 3-19:A sample of the void fraction time series received by the dual plane
ECT, indicating the time delay.
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Figure 3-20: The cross-correlation function of the void fraction signal obtained from
the ECT system.

The propagation velocity of the flow structure is estimated by:
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d (3.19)
U=-—
T

Where; d is the distance between the two sensors (d=0.089m) and t is the time

delay estimated by the cross correlation function.

3.7.9 Slug length

The length of slugs was estimated using the averaged transitional velocity of slugs
and the resident time of slugs at the measuring plane (z). The velocity was
assumed to be constant throughout the test section and the following equation was

used:

(3.20)
Ly=1 .U;

Where; L, is the slug length, t is the resident time of slugs at the sensor and Uy is

the velocity of slugs.

3.8 Error analysis and uncertainty

In practice, no experiments can be conducted free of error, regardless how
carefully the measurements are made. The error is commonly defined as the
difference between the measured value and the true value. The experimental error

is evaluated by its accuracy and precision.

Accuracy forecasts the difference between measured and true value. It is
impossible to predict the accuracy of a measurement when the true value is
unknown. Precision refers to the reoccurrence of measurements within a certain
range when the experiment is repeated. Precise measurements tend to generate

values close together.
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In engineering analysis, error refers to uncertainty since the true value is hardly
known. In fact, the identifiable mistakes or errors in measurements should be
eliminated prior to the uncertainty estimation. For instance, calibration curves can
be used to correct the output of the measuring devices before starting the
experiments. Therefore the measured value should be equal to the best

measurement plus the uncertainty.

Experimental uncertainties are inherited in the measurements of the physical
quantities and cannot be avoided by experimental repetition. There are two types

of experimental uncertainty: systematic uncertainty and random uncertainty.

It is worth mentioning that any instrument has a limited resolution and can be
used to measure with a certain degree of excellence. However, the resolution of an

instrument is not connected to the accuracy of the measurements.

3.8.1 Systematic uncertainty
Systematic uncertainty affects the accuracy of the measurements. It is consistent

and cannot be improved by repeating the experiments. Systematic errors are
commonly caused by an inaccurate calibration of a measuring device, a change in
the experimental conditions and a wrong reading by the observer. The systematic
error can be diminished by refining the source of error and repeating the

measurements (Kirkup and Frenkel, 2006).

In this work, the systematic error information is supplied by manufacturers for all
measuring devices except the WMS and ECT system. Therefore; the WMS and
ECT were compared and the relative uncertainty between both sensors is

considered to be the systematic uncertainty of void fraction measurements.
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The systematic uncertainty is successfully removed through the calibration
procedure. However, there is still a margin of uncertainty associated with the
corrected values. Table 3-2 summaries the systematic error of the used
instruments and the associated uncertainty with calibration procedure. The

calibration details are available in Appendix B.

Table 3-2: the systematic error and the uncertainty associated with the corrected
values through calibration.

Uncertainty after
Measurement Systematic Uncertainty + correction (+of the
calibrated span)
Temperature (°C) 0.5°C 0.5°C
Pressure (bar) 0.5% FS 0.5% FS
Differential pressure (bar) 1% FS 0.075%
Air flow (I/min) 3% FS 1%
Silicone oil flow (m%/hr) 2% 1%
Void fraction (-) 5% 5%

3.8.2 Random uncertainty

Random errors affect the precision of the data. For a random process, the random
uncertainty estimates the scatter of the measurements around the best estimate
(i.e. the mean value). Random uncertainty is caused mainly by an inherent
fluctuation in the measurements. The effect of random errors can be reduced by

increasing the number of repetition of the measurements (Taylor, 1997).

In these experiments, the measurements were repeated two to three times for each

location. The repeatability of the measurements (i.e. precision) at different
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locations was confirmed through estimating the random uncertainty of different

flow parameters upstream the test section for six different runs.

Random errors are estimated statistically using the mean and the standard

deviation of the mean, the details of the calculations are presented in Appendix B.

Since the fractional uncertainty, as described in Appendix B, is more expressive

than just the uncertainty interval. The results are summarised in Table 3-3, in term

of fractional uncertainty. The results indicate notably a low random uncertainty

which suggests high precision measurements and hence repeatable runs are

justified.

Table 3-3: The fractional random uncertainty of the measured flow parameters.

Measurement Fractional uncertainty (|x5—x|) The mean of (|x6x |)
best best
00a
Air flow (I/min) 2x107* < ¢ <7x1073 1x 1073
|Qabest|
Liquid flow 501
4x107* < <4x1073 1x1073
(m3/hr) |leest|
Pressure (bar) 2x1073 < <2x1072 8x 1073
|Pbest|
Void fraction (-) 2x107* < <1x107? 2x1073
IVFbestl
Frequency (Hz) 1x1073 < <1x1072 4x1073
|Fbest|

3.8.3 Propagation of uncertainties

Certain physical quantities are often measured indirectly through a combination

of independent measured quantities, due to the difficulty or impossibility of a
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direct measurement. Each of those independent quantities has an uncertainty;
therefore the uncertainty of the resulting estimate is a combination of the error

associated with the independent measurements (Taylor, 1997).

The propagated uncertainty (i.e. combined uncertainty) was measured for gas and
liquid superficial velocities as well as mixture velocity. The results and the detail

analysis of the experimental uncertainty are available in Appendix B.
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Chapter 4

Flow development in 68mm riser

Vertical pipes of different sizes, lengths and inclinations are common in many
industrial applications, such as reactors, heat exchangers, gas-lift pumps. In oil
and gas pipelines, particularly offshore platforms, prior knowledge of the flow
structure (slugs) is crucial for the design of equipment and safe operation. Bends
are usually required to connect pipes at different orientations, and their effect on
the flow evolution should not be ignored. Therefore, the knowledge of two-phase
flow development in risers is crucial from the perception of research as well as

industrial applications.

Flow regime transition due to the variation of the flow parameters and the layout
of the pipes, in addition to the forces acting on the phases, are of primary interest.
Local measurements of flow parameter at different locations in co-current gas-
liquid flow are desirable for development and validation of computational fluid
dynamics (CFD) codes. Reliable two-phase flow data is required for developing
flow models and validating the existing models. The characterisation of axial flow
evolution has a crucial industrial application, especially in gas and oil industry
where the transition between flow patterns has a direct influence on the design of

the downstream equipment.

The majority of the available literature is focused on air-water flow experiments.

In fact, most of the available models are based on air-water flows experiments.
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The models that developed based on such data are devoid of the dependency on
the physical properties of the process fluids used in many industrial settings.
This has raised the demand of experiments that employ fluids with viscosity,
density and surface tension different to that of water. Thereby the experiments
presented in this work were designed to provide more accurate and high-
resolution database, employing advanced instrumentation and using oil with
physical properties different to water. This data will expand the range of
published results and could be used to evaluate the available flow transition
models. The data will also be used to compare the evolution of the flow before

and after the bend in the next chapter.

In this chapter axial flow development in 4.5 m long riser with 68mm internal
diameter (ID) is examined. The chapter describes how the flow structures in the
vertical section develop as it moves downstream of the mixer. It also presents a
detailed investigation of the axial flow development of slug flow. The
experimental results were obtained from the two-phase facility described in
Chapter 3. Air and 5 mPa.s silicone oil experiments were conducted at ambient

pressure and temperature for 60 different flow combinations.

The time series of the averaged void fraction was obtained at three different
locations (15D, 30D and 45D) downstream of the mixer. For all experiments, the
WMS was placed immediately after the ECT sensor, to eliminate the impact of the
intrusive nature of the former. Detailed analysis of the void fraction time series
signal (as described in Chapter 3) was performed. The characteristic parameters
are reported including, cross-sectional averaged void fraction, probability density

functions, structure frequency and velocity, slug length, Taylor bubble velocity,
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and the void fraction in the body of slugs. The available flow models and existing
empirical correlations were tested using the experimental data at 451D
downstream of the mixer. The comparison between the experimental and

predicted results is presented.

4.1 Comparison between WMS and ECT

Electrical Capacitance Tomography (ECT) and Wire Mesh Sensor (WMS)
tomography have been widely tested over the last years. For instance WMS
measurements showed good agreement with X-ray tomography and Gamma
radiography for void fraction measurements as reported by Prasser et al. (2005)
and Prasser (2000). Whereas Azzopardi et al. (2010) concluded that the ECT and
WMS give a similar mean void fraction, they also highlighted the advantage of
each technique. For all experiments reported in this thesis, the WMS was placed
downstream of the ECT sensor in order to minimise the intrusive nature of the
WMS and also to limit the change in the vertical distribution of the void fraction

between the two measuring planes.

The void fraction data gathered from both sensors showed a reasonable agreement
for all experiments. Figure 4-1 shows PDFs of the cross section averaged void
fraction time series data simultaneously collected using WMS and ECT at the

given flow conditions.

The comparison illustrates that at liquid superficial velocity, Ui, 0.22 m s and
gas superficial velocity, Ugs, 0.045 m s the PDF corresponds to bubbly flow. For
this flow pattern, the WMS seems to give higher void fraction which might be due

to the drag effects triggered by the intrusive nature of the sensor, where at low
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flow rates the bubbles decelerate at the measuring plane causing an increase in

average void fraction.
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Figure 4-1: The PDF plots of the cross-sectional averaged void fraction for ECT and
WMS at 45D downstream the mixer. The liquid superficial velocity= 0.22 m s™.

At liquid superficial velocity, Uis 0.15 m s and gas superficial velocity, Ugs 0.36
m s, both sensors show almost similar PDF plots which indicate Slug flow. For
the maximum flow condition achievable in the experimental rig (Uis=0. 53m s,
Ugs=3.21 m s), the PDF signatures for ECT and WMS characterise churn flow,
where ECT provides a higher peak at slightly higher void fraction than the WMS.
It is obvious that the difference between the PDF plots created using the two
sensors reduces as the gas superficial velocity increases. Generally, the PDF

signatures for both devices indicate similar flow patterns (Omar et al., 2015).

The radial void fraction profile and bubble size distribution at liquid superficial
velocity 0.22 m.s? and different gas superficial velocity are illustrated in
Figure 4-2. The radial distribution of the gas fraction shows a flat profile at low

gas superficial velocity (Ugs=0.045 m s2); this corresponds to a dispersed bubbly
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flow, in which small gas bubbles are uniformly distributed throughout the cross
section of the pipe. As the gas superficial velocity increases, the uniform
distribution disappear and the radial void profile tends to indicate a local maxima
at the core of the pipe. At these conditions large bubbles are formed and rapidly
shifted to the centre of the pipe. At Ug = 0.18 m stand 0.55 m s the bubble size
distribution switched from single to bimodal, indicating the transition to cap
bubble and slug flow regime respectively. The most significant observation from
these results is that the bubble size at the measuring plane is greater than the wire
spacing of the WMS and hence the error due to the sub-resolution bubble sizes is
considered to be minimum. This is expected since the initial bubble size is 3mm
while the spatial resolution of the sensor is 2.8 mm. It seems that small bubbles
are deaccelerated at the sensor wires while the large bubbles are accelerated as
reported by (Ito et al., 2011). This hypothesis explains the reduction in the

difference between the two sensors as the gas superficial velocity increases.
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Figure 4-2: Radial void fraction profile and bubble size distribution obtained from
WMS at 45D downstream of the mixer. Liquid superficial velocity = 0.22 m.s™.
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Banowski et al. (2016) suggested the best working range of the WMS. They also
reported that the sensor insensitiveness of small bubbles could be
overcompensated by the deceleration of bubbles at the crossing point. Therefore,
in this case, the WMS is expected to overestimate the averaged void fraction at a
low gas flow rate. On the other hand, the limited spatial resolution of the ECT
sensor should not be ignored. It is a non-invasive sensor and hence the void
fraction at the core of the pipe may not be accurately represented, especially when
the gas phase is not uniformly distributed. On the other hand, a twin plane ECT

system can provide velocity information without altering the flow structure.

In conclusion, it can be said that both sensors can give an acceptable and
comparable estimation of the cross-sectional average void fraction. The high
temporal and spatial resolution of the WMS can provide detailed information of
the flow and can detect bubbles within its spatial resolution. The dual plane ECT
sensor offers the prediction of the structure velocity without disturbance of the
flow. Both sensors have strengths and weaknesses due to the limitations in the
design and it is difficult to select one over the other. It is obvious that if both
sensors are integrated, a considerable amount of flow information can be

obtained.

4.2 Flow patterns identification

The PDFs signature of the cross-sectional averaged void fraction, obtained from
the WMS and ECT, is used to identify the corresponding flow patterns based on
the work of Jones and Zuber (1975). They reported that the PDFs of the void
fraction data could be used to discriminate the main flow patterns quantitatively.

Visual observations corroborated the statistical analysis and have been in use
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since. The main flow patterns observed in the riser are bubbly, cap bubbles, slug
and churn. For gas superficial velocity ranges from 0.45 to 3.21 m.s* and liquid
superficial velocities from 0.15 to 0.53 m.s%. Figure 4-3 shows the time series of
the main flow pattern and their PDFs. The results show that each flow regime has
a unique probability density function distribution comparable to those reported in

the literature.
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Figure 4-3: Cross-sectional averaged time series of void fraction and the
corresponding PDFs for each flow pattern.

According to Costigan and Whalley (1997), slug flow is identified by twin peak
PDF, one at low void fraction corresponding to the smaller bubbles in the liquid
slug, while the other at high void fraction corresponding to the Taylor bubble.
The most remarkable observation in the riser was the undeveloped slugs; they are
short and highly aerated slugs, similar to those reported by Nydal et al. (1992) in

horizontal pipes.

Undeveloped slugs in the riser are more likely to occur near the transition to churn

flow at high gas flow rates. This type of slug is characterised by a single wide
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peaked PDF. Therefore it can be inaccurately identified as churn flow. Figure 4-4

illustrates the difference between developed slugs and undeveloped slugs.
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Figure 4-4: Probability density function of a developed slug and an undeveloped
slug.

4.3 Flow transition along the axial direction

Void fraction measurements at three different locations upstream of the bend (the
vertical pipe section) were initially conducted. The time series of the averaged
void fraction was obtained at three different locations (15D, 30D and 45D)

downstream of the gas injection point (mixer).

It can be seen from Figure 4-5 that at the lowest gas superficial velocity ( case a),
the averaged void fraction near the mixer (at 15D) is the highest, while at the
second location (30D) the void fraction reaches the lowest values before
increasing again at 45D downstream of the mixer. Since the PDF plots, as well as
the visual observation, indicate bubbly and cap bubble flow, it can be reasoned
that at low gas superficial velocity, finer bubbles forms near the mixer resulting
dispersed bubbly flow. Furthermore, the bubble density is high making the
mixture to appear like a foam.  As the bubbles move up to the second position,
30D, larger bubbles formed due to coalescence and these bubbles moves to the

centre of the pipe occupying a smaller area of the cross section of the pipe. The
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observation is in agreement with Prasser et al. (2002) and Lucas et al. (2005) for
multi-disperse bubbles and Tomiyama (1998) for a single bubble. As the large
bubbles move upward at relatively higher velocity, more coalescence occurs

forming larger cap bubbles and hence the void fraction increases again (Omar et

al., 2015).
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Figure 4-5: PDF plots for different flow condition at 15D, 30D and 45D downstream
the mixer.

PDF plots were generated for superficial gas velocities 0.045 m s, 0.18 m s?,
0.55 m s?, and 3.21 m s and superficial liquid velocities 0.22 m s 0.38 m s
and 0.53 m s at selected axial positions. The flow pattern changes with different
combinations of the liquid and gas superficial velocities as shown in Figure 4-5
Several flow patterns such as bubbly (Figure 4-5-a), cap bubbles (Figure 4-5-b),
slug (Figure 4-5-c) and churn (Figure 4-5-d) could be attained in the riser. As the
gas superficial velocity increases, the PDFs produced for the three measurement

locations are almost similar (Omar et al., 2015). It seems that at high gas flow
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rates the change in the averaged void fraction along the axial length is
insignificant thus the required length for flow development is expected to be
shorter under these conditions. However, the interaction between phases is
considered to continue in risers, regardless their length, due to the change in

pressure and forces acting on bubbles.

4.3.1 Bubble size distribution and radial void fraction
Bubble size distribution is obtained from the WMS data using the algorithm

developed by (Prasser et al., 2001) as detailed in Chapter 3. It is based on the gas
volume fraction contained in each class of bubbles instead of the number of

bubbles. Figure 4-6 illustrates the bubble size distribution at three different flow

conditions.
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Figure 4-6: Bubble size distribution for different flow patterns.

It is obvious that in the bubbly flow region the distribution displays a single peak
at small bubble size, this peak is shifted to the right as the bubbles move upwards
due to the coalescence. At bubble/cap bubble transition, the distribution of the

first location shows a single peak indicating small bubble sizes and a long tail
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extended to relatively large bubbles. This represents a nonhomogeneous bubbly
flow. As the flow develops in the axial direction, a second peak becomes
apparent, this peak shows that large cap bubbles become more frequent. It is clear
that the estimated diameter of these bubbles is around 50 mm, slightly below the
pipe diameter. In slug flow region the bubble size distribution is characterised by
double peak one at small bubble size, similar to that of bubbly flow, and the other
for bubble diameters equivalent to the size of the pipe representing the distorted
Taylor bubbles. It is possible to use the bubble size distribution to discriminate
between steady flow patterns, such as bubbly, cap bubbles and slug flow. There is
an agreement between the bubble size distribution and PDFs results, both plots
could give a clearer image of the axial evolution of the flow. The case is slightly
complicated for slug-churn transition, since both regimes are represented by
almost similar distribution, especially near the transition boundary. At the upper
end of slug flow conditions and throughout the churn conditions the distribution is
represented by a single peak at large bubble size with a tail extending to the small
bubble size. It is worth mentioning that at high gas hold up in liquid slug,
unrealistic bubbles coalescence might be identified by the filling algorithm used is

this work.

4.4 Cross-sectional averaged void fraction
The superficial gas velocity has a significant influence on the subsequent flow

development in the riser. Figure 4-7 shows the mean void fraction for the range of
gas and liquid flow rates at 45D downstream of the gas injection point. The curves
indicate a continuous increase in the void fraction with increasing superficial gas

velocity. It can be seen that the void fraction is sensitive to the change of
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superficial gas velocity at low values. Figure 4-7 clearly indicates that the curves
tend to level off beyond the superficial gas velocity 1.5 m s*. This trend can be
interpreted as the change in flow patterns with the increase of superficial gas
velocity. The transition from bubbly to slug flow is associated with a considerable
shift in the rate of change of the void fraction, w.r.t. the superficial gas velocity.
The higher gradient up to superficial gas velocity of 0.55 m s™ explains bubbly to
slug transition, whereas the transition from slug to churn incorporates a slight
variation in the rate of change of void fraction beyond Ug > 1.5 m s If the
superficial gas velocity increases further, the curve is expected to have another

distinguish increase at the annular flow tarnation (Omar et al., 2015).
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Figure 4-7: The variation of the averaged void fraction with superficial gas velocity
for several liquid superficial velocities in the riser.

The influence of the superficial liquid velocity on the mean void fraction shows a
decrease in the void fraction as the liquid superficial velocity increases. However,
it can be said that the superficial liquid velocity has a weaker influence on the

void fraction comparing to that of superficial gas velocity.
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Figure 4-8 illustrates the axial propagation of the cross-sectional void fraction at
Uis = 0.3 m s. Generally, at low gas superficial velocity, the change in void
fraction along the axial length does not follow a clear trend. This part of data
represents bubbly flow. Therefore the change in bubble size and population could

be responsible for this transient behaviour.
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Figure 4-8: The axial variation of mean void fraction at Uls = 0.3 m s™.

As the superficial gas velocity increases, the change in void fraction become
consistent and increases in the axial direction. It should be noted that the
difference in averaged void fraction at the second and third positions is small. The
PDF plots at 30D and 45D are identical in shape as explained earlier, and no
change in the flow structure were visually observed. Therefore, the flow
development is considered to be insignificant at those locations. Although the
void fraction distribution is expected to evolve continuously in long vertical pipes
due to the change in pressure, the changes on average would be small beyond

certain pipe length.
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The void fraction is a crucial parameter in characterising two-phase flow;
therefore an accurate prediction of void fraction is of great interest in industrial
applications. In this work, Drift-flux model was used to estimate the void fraction
in the region of slug flow. Drift-flux model considers the mixture as whole,
instead the two-phase separately. The one-dimensional drift-flux model is widely
used to estimate the averaged void fraction. It is usually preferred over the two-
fluid models for its simplicity and applicability in a wide range of flow conditions.
The general form of the one-dimensional drift-flux model is represented by Eq.

(4.1) (Bhagwat and Ghajar, 2014).

U (4.1)

— gs
CoUnm + Uy

€a
Where U, and C, are the drift velocity and distribution parameter respectively.
The drift velocity is the relative velocity between the gas phase and mixture
velocity at the centreline. While the distribution parameter accounts for the
distribution of the gas phase through the cross section of the pipe. The drift
velocity is estimated by the equation proposed experimentally by Nicklin et al.

(1962) eqg. (4.2) which is in agreement with the theoretical work of Dumitrescu

(1943) and Davies and Taylor (1950).

(4.2)

Uz =0.35\/(g *D)

The distribution parameter C, was found to have different values with respect to
the corresponding flow patterns. For slug flow it is widely acceptable that C, is
equal to 1.2, however in this work the equation proposed by Hibiki and Ishii
(2003), that accounts for density differences, is used.

105



Chapter 4: Flow development in 68 mm riser

, (4.3)
Co=112-0.2 p_g)
P

1. T T L T
Location
§ ¢ 45D f
g 0.6 -
S s (4
204~ .
o
2
Qo
Q 0.2 i
0' r r r r n
0 0.2 0.4 0.6 0.8 1

Measured void fraction

Figure 4-9 Comparison of experimentally measured void fraction and predicted void
fraction using drift flux model at 15D and 45D downstream of the mixer.

The Drift-flux model results were compared to the experimentally estimated
averaged void fraction at 45D downstream of the mixing section, as presented in
Figure 4-9. The figure shows a good agreement between the predicted and
experimental data with an average percentage error of -2.38% and standard
deviation of 0.6. The accuracy of the model decreases for data obtain at a shorter
distance from the mixing section. For instance, at 15D the cross-sectional void
fraction data was visibly under predicted with an average percentage error of -
8.5% and standard deviation of 0.6. It is evident that highly aerated
underdeveloped slugs were more dominant at 15D from the mixing section
leading to underestimation of the void fraction. As the slugs move upward
towards 45D downstream of the mixer, developed slugs become more frequent

leading to improved accuracy of the predicted data.
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4.5 Slug Unit Characterisation

A slug unit consists of an elongated bubble called Taylor bubble followed by a
liquid slug which usually contains dispersed bubbles. In this work, a distorted
Taylor bubble was observed, due to the relatively large diameter pipe. In vertical
pipes, Taylor bubble is surrounded by a thin liquid which flows downwards in the
space confined between the bubble and the pipe wall. Taylor bubbles behind short
slugs travels faster than the leading bubbles. Therefore, consecutive slug units
tend to merge. During this process, the length of Taylor bubble and liquid slug
increases. The increase in slug length continues, until the separation between two
successive bubbles is long enough so that the transitional velocity of bubble
behind the liquid slug is unaffected by the wake region of the leading bubble
(Moissis and Griffith, 1962). Therefore stable slug length is considered equal to
the minimum separation distance between two bubbles, that able to absorb the jet
formed by the falling film around the leading bubble (Moissis and Griffith, 1962;

Taitel et al., 1980; Barnea and Brauner, 1985).

One dimensional model is commonly used to model slug flow, in which the slug
phenomenon is simplified to a sequence of identical units flowing at constant
velocity (Wallis, 1969; Fernandes et al., 1983; Taitel and Barnea, 1990). Due to
the intermittency of the slugging phenomenon, the estimation of slug
characteristics, such as slug frequency and length, is a crucial factor for industrial
design and operation. For instance, the maximum length of liquid slugs is
important for the design of slug catchers and two-phase separators. These flow
characteristics vary in time and space, therefore several correlations were

proposed in order to predict the main features of slugs in vertical pipes, such as
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Taylor bubble velocity, gas hold up within the body of liquid slugs, length of
liquid slugs and the frequency of slugs (Nicklin et al., 1962; Sylvester, 1987;

Khatib and Richardson, 1984; Legius et al., 1997).

In the following subsections, the development of slug flow is investigated; the
effects of superficial gas velocity and axial flow position are examined. The
experimental results were compared to the available correlations, which are

originally proposed for fully developed flow.

4.5.1 Slug length

The length of liquid slugs was estimated using the averaged transitional velocity
of slugs and the resident time of slugs at the measurement plane as explained in
(Chapter3). Figure 4-10 shows the axial development of the averaged slug length
at three different locations in the riser. It can be clearly seen that the averaged slug
length increases along the pipe. The rate of increase in slug length is smaller near
the pipe exit and at high gas superficial velocity. This increase of the slug length
in the axial direction is due to the coalescence of Taylor bubbles. At the first
location (15D) the slugs are not fully developed, and the distance between
consecutive Taylor bubbles is small. The trailing bubble is influenced by the flow
within the preceding liquid slug. As a result, the trailing bubble travels faster than
the leading bubble and as a consequence, the rate of slug growth is higher around
this location. As the liquid slugs move further upward, the merging process
decreases due to the increase in the length of liquid slugs. At 45D, the length of
liquid slugs is almost double the size of the slugs at 15D downstream of the
mixing section. This indicates clearly the coalescence of two slug units. It can be

said that near 45D, the slugs are almost developed, regardless the infrequent
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observation of short slugs. However, it could be argued that the merging process

may continue in extremely long pipes, due to the energy dissipation and pressure

difference.
12 - - :
M
~ 10 i
a)
= M
[S)
5 8 v .
(@))
= [ ]
- 6 v . * Location
3 °
= - ® 15D
4 ° m 30D
° v 45D
2' r r r n
0 0.5 1 15 2

Gas superficial velocity(m/s)

Figure 4-10: The axial development of the mean liquid slug length in the riser, at
liquid superficial velocity=0.3ms™.

It was observed that the length of slugs and Taylor bubbles increase with the
increase of superficial gas velocity as shown in Figure 4-11. The slug length, at
45D downstream of the mixing section, was found to vary between 6D and 12D.
This is still within the range of the reported minimum stable slug length, about 8

to 16 D (Moissis and Griffith, 1962; Taitel et al., 1980).

Slug length correlation developed by Khatib and Richardson (1984) was used to
estimate the experimental results of slug lengths as given in Equation (4.4). The
predicted slug length was in an acceptable agreement with experimental data as
shown in Figure 4-12. The mean length of the slug body is slightly

underestimated, especially at low gas superficial velocities. The whole data was
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predicted with an average absolute error of 20.70% and standard deviation of

1.92.
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Figure 4-11: Liquid slug variation at different flow conditions.
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Figure 4-12: Comparison of experimentally measured slug length and predicted slug
length using (Khatib and Richardson, 1984) correlation.
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The discrepancy between the experimental and predicted values could be
attributed to the assumptions made by (Khatib and Richardson, 1984). The
correlation was proposed through a simple mass balance around a slug unit, in
which the slug unit was assumed to travel at a constant velocity. The effect of

physical properties was not included.

It was noticed that the error in estimating slug length can be higher at a high gas
flow rate; where Taylor bubbles are distorted and it becomes difficult to
distinguish between the Taylor bubble and the wake zone within the liquid slug

due to the increase in dispersed gas concentration within the liquid slug.

4.5.2 Slug Frequency

The frequency of liquid slugs was estimated using the modified method of
Hazuku et al. (2008) for large structures, as detailed in Chapter 3. The results
were compared with the PSD method and a good agreement was obtained. The
frequency of liquid slugs was estimated at three different locations in the riser for
all the liquid velocities considered. Figure 4-13 illustrates how the frequency of
slugs varies along the riser. It is clear that the slug frequency decreases along the
pipe and also with the increase of superficial gas velocity. It is generally agreed
that bubbles behind short liquid slugs moves faster than the leading one and hence
emerging process occurs. In the riser, the slug and Taylor bubble length increase
along the pipe due to the merge of two consecutive slug units. Therefore the
frequency decreases in the axial direction. It is evident that change in frequency
and slug length do not follow a smooth trend, this is directly related to the
intermittent nature of slug flow. The uncertainty in distinguishing Taylor bubble

from liquid slugs in some cases can contribute to the deviation from the general
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trend. It is evident that as the growth rate of slugs increases the frequency

decreases.
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Figure 4-13: Frequency variation as a function of the axial distance in the riser at

Uis=0.3ms™.
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Figure 4-14: Slug frequency variation with air and oil superficial velocity in the
riser.

Figure 4-14 shows the effect of the superficial liquid velocity on the frequency of

the periodic structure of slugs. It can be clearly seen that the slug frequency
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increases with the increase of the superficial liquid velocity while continue to

decrease with the increasing superficial gas velocity.

Several empirical correlations have been proposed to estimate the frequency of
slugs, most of which are for horizontal or near horizontal flows. Some of the
reported correlations in Chapter 2, namely Sylvester (1987), Legius et al. (1997)
and Zabaras (2000), were used to predict the frequency obtained experimentally

as illustrated in Figure 4-15.
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Figure 4-15: Comparison of the experimental slug frequency with the available
correlation.

It is remarkable that Sylvester (1987) correlation showed a strong agreement with
the experimental results. It is, however, impractical to identify more than one
variable in one equation. In fact, it is a simple mathematical correlation that

requires the knowledge of slug unit velocity and length as following:

Uy (1 — (4.5)
P w<L A
ls
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Where g is the ratio between length of Taylor bubble and length of slug unit.
Zabaras (2000) correlation has underestimated the experimental frequency. This is
not surprising since, it is a modified version of Gregory and Scott (1969)
correlation for horizontal flow, except that the effect of a small inclination up to 9
degrees was included. Legius et al. (1997) correlation has also dramatically
underpredicted the experimental data. This clear discrepancy is due to the inherent
limitation of this correlation. It is absolutely a replica of Heywood and Richardson

(1979) correlation, for horizontal flow with a slightly modified constant.

It seems that most of the available correlations for predicting slug frequency in
vertical flow are either mathematical models that include several unknown
variables or simple empirical correlations that originally proposed for horizontal
flow for a limited range of flow conditions. In order to develop a more general
correlation, several parameters should be considered such as the physical
properties of the phases and pipe geometry in addition to the variables that are

already considered.

4.5.3 Void fraction in liquid slug

Void fraction in liquid slug (eg4s,) is a crucial parameter in characterising slug
flow which has a direct influence on the average void fraction. The knowledge of
gas hold up within the body of the liquid slug has been considered as an input
parameter for the several physical models developed to study slug flow, such as
the model of Fernandes et al. (1983). It also can be used to determine the
transition from slug to churn flow. In this work, the evolution of void fraction

within the body of slugs was studied.

114



Chapter 4: Flow development in 68 mm riser

It is acknowledged that the gas phase is dynamically exchanged between the
Taylor bubble and liquid slug. Gas bubbles at the rear of liquid slug coalesce with
Taylor bubble while small bubbles are entrained into the liquid slug behind it due

to the jet effect of the falling liquid film (Fernandes et al., 1983).

The liquid slug can be divided into three main regions based on the voidage
profiles. The wake region which is a region of high turbulence and high local gas
fraction, it extends to few pipe diameters downstream of the Taylor bubble. The
translational region is an intermediate region that separates the wake and the
developed region. The developed region starts at around 10D behind the Taylor
bubble, It has a void fraction profile similar to that of dispersed bubbly flow (Van

Hout et al., 1992).
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Figure 4-16: Void fraction in the liquid slug along the axial direction.

Figure 4-16 illustrates the change in void faction in liquid slug at three axial
positions 15D, 30D and 45D downstream of the mixing section. The figure shows

no significant change along the axial direction, particularly between 30D and
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45D, however, it is clear that the averaged gas holdup in liquid slug decreased
slightly from the 15D to the following axial locations. This is more likely due to
the nature of the flow near the entrance being more chaotic where slugs are still
developing. At this location, the wake region within liquid slug is expected to be

longer and hence the overall gas holdup is higher.
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Figure 4-17: The effect of superficial gas velocity on the void fraction within the
body of slugs.

The effect of superficial liquid velocity on the void fraction in liquid slugs is
shown in Figure 4-17. Void fraction in the liquid slug follow the same trend
discussed under Figure 4-16. However it should be noted that with the increase of
the superficial liquid velocity, the void fraction within the liquid slug decreases as
shown in Figure 4-17. Similar observation is reported by (Akagawa and
Sakaguchi, 1966; Barnea and Shemer, 1989; and Mori et al., 1999). It expected
that at high gas flow rate, the turbulence force becomes dominant and hence more
air is entrained into liquid slugs as a fine dispersion of bubbles. The averaged void

fraction within the body of the slug varied from 0.23 to 0.63 over the range of
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experimental matrix. This corresponds to the transition border of bubbly and
churn flow respectively. Similar observation reported by (Barnea and Shemer,
1989). The lower value of 0.23 is almost equal to the suggested value of bubbly to
slug transition (0.25) by (Taitel et al., 1980). The upper value of 0.63 represents
the maximum packing of bubbles in the liquid slug, hence the transition from slug

to churn flow as suggested by (Brauner and Barnea, 1986).

It is suggested that the liquid slugs can be treated as fully developed bubbly flow.
Therefore liquid slugs can only accommodate maximum gas fraction equal to that
of fully developed bubbly flow (Barnea and Brauner, 1985). Barnea and Shemer
(1989) for air-water flow in 50mm ID pipe, reported that the void fraction in the
liquid slug was 0.25 for Ugs below 1 m.s. Beyond Ug=1 m.s* the void fraction
increased up to 0.6 which was considered the upper limit before the onset of the
churn flow. Schmidt (1977) indicated that the void fraction in liquid slug varies
from 0.2 to 0.8 for a wide range of gas and liquid superficial velocities for air and

kerosene mixture in 50 mm ID pipe.

In this work, the voidage in liquid slug continuously increases for the whole range
of gas superficial velocity in slug flow region, and hence it eventually exceeds
the value suggested for fully developed bubbly flow by (Barnea and Brauner,
1985). This behaviour is similar to Schmidt (1977) observation for the air-
kerosene system. It can be said that void fraction in liquid slug is constant, i.e. can
be equal to the value of dispersed bubbly flow, only for a limited range of
superficial gas velocities. Beyond a critical value of Ugs, the air entrainment in the
body of the slug constantly increases until slug/churn transition occurs. This value

of Ugs might vary for different pipe configuration and flow conditions. Silicone oil
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has the ability to entrain more bubbles in comparison to water. This can be
confirmed by the observation of Schmidt (1977) for air-kerosene system which
showed a continuous increase in the void fraction of liquid slugs. Pipe diameter
may also have an effect on slug characteristics since slugs appear more aerated in

large pipes.

Figure 4-18 illustrates the predicted value of void fraction of liquid slugs as
predicted by the available models reported in the literature, namely; Akagawa and
Sakaguchi (1966), Sylvester (1987) and Mori et al. (1999) as shown respectively

in the following equations:

(4.6)
€gst = 83'8
S Ugs (4.7
95 0.425 + 2.65(ugs + ws)
(4.8)

ggs1 = 0.523¢,

It is clear that Akagawa and Sakaguchi (1966) correlation gives the best
estimation of void fraction in the body of the slugs, however, it underpredicts the
experimental results with an average absolute error of 26.05% and standard
deviation of 1.38. Correlations of Sylvester and Mori et al. showed larger drift
from the experimental results with an average absolute error of 35.50% and 6.59%
respectively. In fact, this was not surprising since correlations (4.6) and (4.8) were
pure empirical fits for experimental results that were obtained for air-water system

of pipes with smaller diameters (27.6mm ID and 25.8mmID). The equation (4.7)
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was theoretically derived while the constants of the equation are based on the

experimental work of Fernandes (1981).
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Figure 4-18: Comparison of void fraction in liquid slugs with empirical correlations.

It is obvious that the silicone oil has a higher tendency to entrain more gas
bubbles than water, especially at the high gas superficial velocity. The prediction
of void fraction in liquid slugs seems better at low superficial gas velocity and
continuously deviates as Ugs increases, except for equation (4.6) that showed a
consistent prediction for the whole range of experiments. The performance of
Akagawa and Sakaguchi correlation can be significantly improved if the constant
of 1.3 is used instead of 1.8. The prediction of the improved constant was in
perfect agreement with the current experimental results with averaged absolute

error of 2.02% and averaged standard deviation of 0.43.

It can be said that there is no general correlation that predicts the void fraction
within the liquid slugs for a wide range of operating conditions. Most of the

available correlations were simple fits of experimental data for a limited range of

119



Chapter 4: Flow development in 68 mm riser

operating conditions. Therefore, the collective effect of different flow parameters
such as pipe diameter and fluid properties should be considered in order to

develop more robust correlation.

4.5.4 Taylor bubble velocity

The Signals from the dual plane ECT sensor were cross-correlated to estimate the
time delay of slugs at the sensor. The velocity is simply equal to the distance
between the two planes divided by the time delay. The slug velocity was
measured at three axial locations along the riser, in order to see how the axial

velocity influences the evolution of slugs.
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Figure 4-19: Taylor bubble velocity variation as a function of the axial distance in
the riser at liquid superficial velocity = 0.3ms™.

Figure 4-19 demonstrate the difference in the slug velocity in the axial direction.
It can clearly be seen that the velocity increases with the increase of superficial
gas velocity. It also increases in the axial direction under constant superficial gas
velocities. This increase is significant from the first (15D) to the second location

(30D), whereas at the third location (45D) the slug velocity showed only a small
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increase over that of 30D. This is due to the increase of bubble size as a
subsequent merging process between two slug units since larger bubbles travel
faster. Based on Bernoulli’s principle, the increase of slug velocity along the pipe
could be boosted by the decrease in pressure with altitude. In addition, the change
in gravitational effect with altitude can also enhance the velocity of Taylor
bubbles. The slugs are more stabilised at 45D location, where velocity profile

within the slug unit is expected to be fully developed.

4 : : -
Q Liquid superficial velocity(m/s) ¢
E35¢ ® 030 v
=) = 038 . ~
8 . v ( J
s 3 v 045 S .
> ¢ 053] o
= ¥
2 25 -
O
5 a
E 2 i ° y
1 5 . r r r r
0 0.5 1 15 2

Gas superficial velocity(m/s)

Figure 4-20: Taylor bubble velocity variation at 45D downstream of the mixer.

The effect of the superficial gas velocity on the slug unit at 45D downstream of
the mixing section is presented in Figure 4-20. It shows, as expected, an increase
in structure velocity of the slugs with the increase in both, the gas and the liquid
superficial velocities. In these experiments, it was assumed that the slug unit is
traveling at the same velocity. However, in reality, the Taylor bubble and liquid
slug may travel at different velocities, which is usually considered to be small and

has a negligible effect, since the gas entrainment into and out of the Taylor bubble
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should be equal (Fernandes et al., 1983). It is noticeable that the superficial liquid
velocity has a weaker effect on the slug velocity in comparison to that of the

superficial gas velocity.

Taylor bubble velocity has been investigated extensively over years. The
transitional velocity is considered to be a combination of the slug mixture velocity
and the velocity of a bubble in a stagnant liquid, namely drift velocity. Nicklin et
al. (1962) has suggested the following expression for the velocity of the Taylor

bubble:

(4.9)
ugTB = Co(ugs + uls) + Ud

Where; U, is the drift velocity given by equation (4.2) and C, is the distribution
parameter. C, is the ratio of centreline velocity to the mixture velocity within the
liquid slug. It has been found to vary from 1.2 (Nicklin et al., 1962) to 1.29
(Fernandes et al., 1983) for developed slug flow. In this work, the value of 1.29

showed better results.

Figure 4-21 illustrates the comparison between the experimental and the estimated
values of Taylor bubble velocity. The results are within an acceptable agreement.
Taylor bubble velocity is underestimated by Nicklin et al. (1962) correlation with
an average absolute error of 17.12% and standard deviation of 2.07. The
discrepancy is more likely to be attributed to the effect of entrained bubbles

within the liquid slug.

The rise velocity of Taylor bubble increases in the presence of bubbles in liquid

slug (Mao and Dukler, 1985). It is evident that at the high superficial gas
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velocity, the Taylor bubble velocity is closely predicted. This could be a result of
high gas entrainment in liquid slugs at these conditions. Mao and Dukler (1985)
correlation has slightly improved the velocity prediction at low gas superficial
velocity since it takes into consideration the effect of entrained bubbles on the
transitional velocity of Taylor bubble. However, it visibly overestimated the rise
velocity at high gas flow. This is possibly due to the overcompensation of

dispersed bubbles effect at high gas superficial velocity.
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Figure 4-21: Experimental Taylor bubble velocity against the predicted values.

It could be said that at the low superficial gas velocity the entrained bubbles in
liquid slugs are relatively large to flow down in the liquid film. Thus these
bubbles will merge with the front of Taylor bubble causing an increase in the rise
velocity of Taylor bubble. As the gas superficial velocity increases, the gas
entrainment within the slug body increases. In this case, a swarm of tiny bubbles
is entrained, and the liquid slug can be treated as a turbulent bubbly flow in

which, buoyancy decreases with the increase of void fraction as reported by
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(Zuber and Hench, 1962). The relative velocity of the entrained bubbles to the
liquid is negligible; therefore the effect of entrained bubbles on the Taylor bubble

velocity is expected to be negligible.

It must be mentioned that the distribution parameter (C,) is highly dependent on
the flow patterns and it is a function of the inclination angle as well as other
parameters, such as pipe diameter and mixture velocity. It is expected to increase
due to the increase in pipe diameter due to the effect of gas expansion as reported
by (Fernandes et al., 1983). Therefore in this work the value 1.3 showed better

prediction than the common value of 1.2.

4.6 Summary
In this chapter, experimental data from a 68mm ID vertical riser section, in which

an air-silicone oil mixture flow upward is presented. Wire Mesh Sensor (WMS)
and Electrical Capacitance Tomography (ECT) were used to provide cross-
sectional averaged void fraction at three locations downstream of the mixing
section. The corresponding flow patterns were visually identified, as well as,
using the probability density function (PDF) of the averaged void fraction time
series. Several flow parameters were estimated from the void fraction data of the
WMS and the ECT, including cross-sectional averaged void fraction, slug length,
slug frequency, void fraction in liquid slugs and Taylor bubble velocity. The
experimental results were then compared to the predicted values of the available

correlations. The key findings were summarised below:

e The ECT system and WMS tomography provide similar mean void

fraction data. This is in agreement with previous studies is this field. It is
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not simple to favour one technique over the other. The combination of
both sensors can generate useful information about the flow structure.
Since the WMS gives more detailed information on the flow structure, the
ECT system can obtain the structure velocity.

e The flow development can be achieved in a vertical riser of 68mm ID
within 65 pipe diameter lengths. This is in agreement with several
previous studies.

e The cross-sectional averaged void fraction increases with the increase in
gas superficial velocity for constant liquid flow rate. This increase in the
void fraction is associated with flow transition.

e Developed slug flow occurs in a vertical 68 mm ID pipes for gas
superficial velocity between 0.36 m.s® and 1.83 m.s?! and liquid
superficial velocity up to 0.53 m.s®. Undeveloped slug flow is also
observed at the pipe exit. These slugs occur near the transition to churn
flow at high gas superficial velocity.

e Slug length increases in the axial direction and with the rise of gas
superficial velocity. This increase is due to the emerging process between
two consecutive slug units.

e The frequency of liquid slugs decreases along the axial direction and with
the increase in gas superficial velocity. Slug length and frequency are
interchangeable parameter, if one increases the other should decline.
Therefore, the reduction of slug frequency is also due to slug coalescence.

e Void fraction within the liquid slug continuously increases with the

increase of gas superficial velocity. The lowest and highest value within
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slug flow range corresponds to the transition from bubble to slug and from
slug to churn respectively. Silicone oil seems to have higher void fraction
than water, due to the higher viscosity.

e Taylor bubble tends to accelerate with the increase in superficial gas
velocity and rise in the height of the vertical pipe. This is mainly due to the
emerging process of two slug units, in addition to gas expansion and
decrease in pressure with altitude.

e The available correlations for gas-liquid flow in vertical pipes are
essentially based on air-water experiments. Most of them are empirical
correlations that were developed by simply data fitting for a limited range
of flow rates. Some have been derived from correlations originally
developed for horizontal flows. Therefore the accuracy of these available
models was diverse. Some models showed good agreement with the
experimental results such as; drift-flux model and Nicklin et al. (1962)
correlation for Taylor bubble velocity. Whereas some correlations have
poorly predicted the experimental flow parameters including; Legius et al.
(1997) and Zabaras (2000), for slug frequency. Table 4-1 summarise the
statistical performance comparison of the two-phase flow correlations used
in this chapter.

e In order to develop more robust correlations, several flow parameters, i.e.
inclination angle, physical properties and pipe geometry, should be

considered for a wide range of flow conditions.
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Table 4-1: The statistical results for the applied two-phase flow correlations.

_ Pipe Statistical measures
Source; Correlation (ID);
Fluids | APE AAPE  SD
(Nicklin et al., 1962)
Ugs 26mm 537 288 058
&g =+ air/water
CoU,, + Uy
(Khatib and Richardson, 1984) 38.8mm
L= CoUn + Uy | € —&grB air/water | -15.58 16.85  2.09
s fs €451 — EgTB air/slurry
Sylvester (1987) 25mm to
£ Unl=F) MM 034 037 005
Ly gas/water
gas/oil
Zabaras (2000)
Ug (212.6 12
f. = 0.0226 [—“( + um)] [0.836 | 25mm,
ga\ up 100mm | -95.82 9582  0.24
+ 2.75sin(0)] air/water
(Legius et al., 1997)
1.02
u, (2.02 u? 50mm |
(Akagawa and Sakaguchi, 1966), 27.6 mm
Egsl = 83'8 air/water | -47.65 47.65 2.34
(Sylvester, 1987) 25mm to
Ugs 75mm
EgsL = -46.59 46.60 0.72
I ¢y + C3(ugs + uys) gas/water
gas/oil
Mori et al. (1999)
25.8mm
ggs1 = 0.523¢, air/water -47.70  47.70 0
Nicklin (1962) 26mm
ugrp = Colugs +uys) + Uy -15.86 17.11  2.07
air/water
Mao and Dukler (1985)
Ugrp = [(Co - (D)(um —Upggst +Uqg
50mm
_U,0)](1 - #)- air/water 15.46 28.99 6.04
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Chapter 5

Influence of vertical to horizontal 90° bend

on gas-liquid flows development

Most of the process industries have long pipe lines to transport the process fluids
from one place to another. These pipelines have bends to change the orientation of
the pipes as warranted by the layout of the process equipment and vessels. Single
phase flows in such pipelines have been studied and a good understanding of the
flow behaviour has been established making hydraulic designs robust and
trustworthy. However, two-phase flows that occur in transportation of oil and gas
from wells to the production platforms or boiler tubes in power generation are
complex and the development of such flows around bends were not well
understood. The complexity of the flow behaviour is increased due to the effects
of centrifugal force induced by the curvature of the bend and the existence of the
two phases with significantly different densities. As the fluid passes through
curved pipes or bends, a considerable centrifugal force is applied to the mixture
forcing it to separate. Separation is affected by the orientation of the bend giving
rise to complications such as void fraction fluctuation and formation of dryout

Zones.

The effects of the bends on the two-phase flow is a common issue in a wide range
of industrial applications, nevertheless, a low number of studies is available on

this subject compared to single phase flow around bends.

128



Chapter 5: Influence of vertical to horizontal 90° bend on gas-liquid
flows development

Even though some literature is available on phase distribution at bends they are
mainly restricted to small diameter pipes and fluids with physical properties
significantly different from these of industrial fluids. In contrast, this work
considers the air-silicone oil two-phase flows in relatively large pipes (68mm | D)
in order to overcome the limitations of the previous studies and provide a reliable

database by employing advanced instrumentations.

In this chapter, results of air-silicone oil experiments around a vertical to
horizontal 90° bend are presented. In these experiments, the ECT was located at
5D upstream of the bend and the WMS was moved at different locations
downstream of the bend (5D, 10D, 40D, 69D, 98D, and 128D). The time series of
the local void fraction data from both devices were used to obtain several flow
characteristics including; flow patterns, cross-sectional averaged void fraction,
structure velocity and structure frequency. Slug flow was studied in more details
and the common slug features were identified. The reported results were used to
validate the available slug flow correlations. A comparison between the results at
upstream and downstream of the bend is conducted, in order to quantify the

influence of the bend on flow development.

It should be noted that the measurements were not made simultaneously but at
same inlet conditions. This approach is necessary due to the fact that the WMS
downstream of the bend has been moved to various locations as mentioned above.
The ECT was placed 5D before the bend for all cases and the measurements were
used to check the flow conditions for the different experiments in order to make

sure the data at different locations downstream of the bend are comparable. The
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PDFs for the inlet conditions at 5D upstream of the bend shows very little

variation and separate measurements can be justified on that basis.

5.1 Flow patterns

The PDFs plots of the cross-sectional averaged void fraction are used to identify
the flow patterns in the vertical riser prior to the bend and the horizontal section
downstream of the bend. Based on the work of Jones and Zuber (1975) and
Costigan and Whalley (1997), it is widely known that each flow regime has a
unique PDF signature. The PDFs were compared with a series of visual
observations through the transparent test section. Flow patterns observed, in the
riser, during this study are mainly bubbly, cap bubble, slug and churn flow
(Figure 5-1) for gas superficial velocity (Ugs) ranges from 0.045 to 3.2 m s and

liquid superficial velocity (Uis) varying between 0.15 and 0.53 m s,

Cap Slug Churn
bubble

Figure 5-1: Flow patterns observed in the riser.
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The flow patterns in the horizontal section at same flow conditions are stratified,

wavy stratified, (disturbance waves) and slug flow as shown in Figure 5-2.

d) Slug flow

Figure 5-2: Flow patterns observed in the horizontal section.

The combinations of the tested flow conditions are superimposed over Taitel et
al. (1980) flow pattern map as shown in Figure 5-3. The transitional borders of
the map were corrected to the current experimental parameters. Although this
flow pattern map was developed for air-water flow in vertical 50 mm pipe, the
PDFs, as well as the visual observation in the riser, showed a good agreement
with this flow map, except at the transitional boundaries where the decision is

subject to personal judgment.

It can be seen that the transition between bubbly flow, including cap bubbles, and
slug flow is in disagreement with the visual observations. The cap bubble flow

conditions are mostly shown in the slug flow region. The discrepancy at the
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transition line could be due to the assumption that was adopted for the flow
transition boundary. Taitel et al. (1980) have considered the transition from
bubbly to slug flow to occur when the void fraction reaches 0.25 and the equation

(5.1) is used to plot the transition border.

Ups = 3Ugs — 115 IMFS &y
Pi

However, in these experiments, the void fraction in bubbly flow region can reach

up to 0.35, before the transition to slug flow can take effect. This is a direct

consequence of the viscosity and low surface tension of the silicone oil used in

this work. Therefore equation (5.1) was modified, using a void fraction value

equal to 0.35, as following:

g(pr—pg)o

0.25 (5.2)
ot l

ULS = 186UGS - [

In Figure 5-3 the dashed line represents the new transitional border, using
equation (5.2). It is clear that the new transition border has improved the
prediction of the experimental results. Slug-churn transition has been a
controversial subject. Taitel et al. (1980) considered churn flow as an entrance
phenomenon, they claim that churn flow in vertical pipes will persist only to the
point where stable slug can take place. The length of this entry effect region
depends on mixture velocity and the pipe diameter. Therefore, there was no clear
transition boundary between slug and churn. Brauner and Barnea (1986)
suggested that slug-churn transition occurs when the void fraction in a liquid slug
is 0.52 which is the maximum volumetric packing of bubbles within liquid slug.

They considered churn flow as a developed flow pattern that can persist
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throughout the whole length of the pipe. On the other hand, Mao and Dukler
(1993) claimed that churn flow is a manifestation of slug flow and may not exist

as independent flow pattern.
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Figure 5-3:Flow condition in the riser superimposed on the flow patterns map of
(Taitel et al., 1980).

It can be seen from Figure 5-3 churn flow conditions, in red colour, cannot be
separated from slug flow using a continuous straight line or a smooth curve.
Therefore it can be said that churn flow can be either an entry phenomenon or a
separate and intermediate region between slug and annular flow as reported by

(Hewitt and Jayanti, 1993).

For the horizontal section downstream of the bend, the flow pattern map
suggested by Mandhane et al. (1974) was used to compare the experimental
observations. This map is based on the largest amount of data and is the most
widely used amongst the other available flow pattern maps. The map by

Mandhane assumes that the changes in pipe diameter and in fluid properties have
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no dramatic effects on the transition boundaries, if superficial gas velocity and
superficial liquid velocity are used as axes. The flow patterns observed from the
experiments with those predicted by Mandhane flow patterns map are compared
as illustrated in Figure 5-4. The observed flow regimes are predicted well, except
transition from smooth to wavy stratified which was poorly anticipated. This is
due to the inherent discrepancy of the data originally used to generate the flow
map. The data sets used by Mandhane showed inconsistency in predicting the

wavy region (Mandhane et al., 1974).
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Figure 5-4: Flow condition in the riser superimposed on the flow patterns map of
(Mandhane et al., 1974).

In slug flow region, 70% of the experimental conditions were accurately
predicted, whereas in some cases slug conditions are predicted as plug flow. It
was observed that transition from smooth stratified to either wavy stratified or
slug at high gas superficial velocity occurs at lower liquid flow rate than in the

Mandhane map. A new transition curve from smooth stratified to wavy stratified
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and also from plug to slug flow was plotted as a dashed line in Figure 5-4. This
transition curve is based on the current observations and the work of Lin and
Hanratty (1986) for air water flow in horizontal pipe of 95.3 mm ID. Although,
Mandhane map suggests that transition boundaries are least sensitive to the
change in pipe size and physical properties of working fluids, it has been already
reported that the pipe diameter and liquid viscosity can significantly alter the
transition to slug flow, particularly at low gas superficial velocities (Taitel and

Dukler, 1976; Lin and Hanratty, 1987b).

In the horizontal section, downstream of the bend large amplitude waves are
observed. These waves have been identified by several researchers as slugs
(Wallis and Dodson, 1973), roll wave (Lin, 1985), large disturbance waves
(Andreussi and Persen, 1987) and Pseudo slugs as described by (Lin and
Hanratty, 1987b). These are large disturbance waves which touch the top wall of
the pipe. They differ from slugs in that they dissipate as they move downstream,
they are not associated with high pressure pulsations and also do not travel at the
gas velocity. Lin and Hanratty (1987b) has identified the so called pseudo slugs as
independent flow pattern and the added the transition boundary of this region on
the Mandhane flow pattern map. In this work the large disturbance waves (pseudo
slugs) has been observed to occur within the slug region and more frequently at
high gas superficial velocity and low liquid level. After the passage of liquid slug,
the liquid level in the pipe decreases and hence several large disturbance waves
can appear in between two consecutive liquid slugs. Therefore, in this work the
disturbance waves that touch the upper wall of the pipe is not considered as

independent flow pattern and its region is not marked on the flow map.
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5.2 Axial flow development

To investigate the influence of the upstream conditions on determining the flow
downstream of the bend, void fraction data has been obtained at different
locations on the horizontal pipe section (5D, 10D, 40D, 69D, 98D and 128D)
away from the bend using the WMS. It should be noted that the measurements
were not made simultaneously but at same inlet conditions. The ECT was placed
immediately (5D) before the bend in each experiments, due to its non-

intrusiveness nature.

The flow patterns before and after the bend were compared using the PDFs plots
of the cross sectional averaged void fraction. The PDFs of the averaged void
fraction that obtained from the ECT system was used to identify the flow patterns
prior to the bend, while the WMS PDFs were used to identify the flow
downstream of the bend. The flow patterns identified upstream are bubbly,
spherical cap bubbles, slug and churn flow, while the main flow patterns observed
downstream the bend are stratified and stratified wavy, plug and slug. For gas
superficial velocity ranges between 0.045 and 3.21 m s and liquid superficial
velocity of 0.15 to 0.53 m s, it was observed that the flow at 10D downstream of
the bend was mainly stratified and wavy stratified flow, whereas further
downstream at 40D and beyond the flow ranges from stratified, wavy stratified,

large disturbance waves and slug flow.

These direct visual observations were confirmed by WMS images of cross-section
distribution of the phases and the PDF data of the void fraction time series

obtained from ETC and WMS sensors. The evolution of the flow is shown in
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Figure 5-6 and Figure 5-5 respectively for a lower flow condition and in
Figure 5-8 and Figure 5-7 for moderate flow condition. The highest flow
condition studied, liquid superficial velocity of 0.53 m s and gas superficial
velocity of 3.21 m s, are illustrated in Figure 5-10 Figure 5-9 respectively. The
images obtained from the WMS are shown relative to the position at which they
were obtained, where blue and red colours represent the liquid phase and gas

phase respectively.

At the lowest gas superficial velocity (0.05 m s) and liquid superficial velocity of
0.22 m s, bubbly flow was dominant in the riser before the vertical bend, as can
be seen from Figure 5-5. As the phases passed around the bend to the horizontal
section, the liquid phase was drained to the bottom of the pipe due to the effect of
gravity and stratified flow was dominant for the whole length of the horizontal
section. This is confirmed by the equivalent plots of the PDFs of the cross-
sectionally averaged void fraction illustrated in Figure 5-6. Further downstream of
the bend the PDFs show a two peak shape. These normally would be a sign of
slug flow, however, direct observation indicates that the liquid level did not touch
the top of the pipe and the two peaks were more a manifestation of a wavy

stratified flow (Zhao et al., 2017) .

The liquid level in the pipe increases with the increase of liquid flow rate. When
the gas superficial velocity increased to (Ugs = 0.18 m s™) the transition to cap
bubble occurs. In this case, slow moving slugs were observed in the horizontal

section since the liquid level was high enough to bridge the pipe. The body of
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those slugs contained a low population of air bubbles. Slugs increased in length as

they moved down the horizontal pipe.
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Figure 5-5: Tomographic images from positions along the pipe system. Liquid
superficial velocity = 0.22 m s and gas superficial velocity = 0.05 m s,
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Figure 5-6: Probability Density Function of void fraction time series at axial
positions along the pipeline. Liquid superficial velocity = 0.15 m s and gas
superficial velocity = 0.05 m s

At relatively higher gas superficial velocity (Uis = 0.53 m s, Ugs = 0.45 m s),
slug flow was dominant in the vertical pipe. As the slugs approach the bend, the
liquid phase was moved to the outer wall of the bend at first due to the effect of
centrifugal force. Further around the bend, the liquid is drained to the inside of the
bend due to gravity effects leaving a dry patch on top, until a new slug unit cover

the dry zone occupied by the gas phase. In this case, the flow in the horizontal
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section was stratified near the bend with a slightly disturbed interface while
hydrodynamic slugs formed at around ~40D downstream of the bend. This can be
clearly seen from the WMS images in Figure 5-7 and PDFs plots in Figure 5-8.
The body of the slug at these conditions was occupied with more dispersed
bubbles. One remarkable feature, at this condition, is that some slugs are more

likely to break up before leaving the test section.
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Figure 5-7: Tomographic images from positions along the pipe system. Liquid
superficial velocity = 0.53 m s and gas superficial velocity = 0.45 m s,

98D 128D
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Figure 5-8: Probability Density Function of void fraction time series at axial
positions along the pipeline. Liquid superficial velocity = 0.53 m s and gas
superficial velocity = 0.45 m s%.

At the maximum liquid and gas superficial velocities (Uis = 0.53 m s ,Ugs = 3.21
m s ) the flow in the riser was churn while stratified wavy was dominant up to

around 55D downstream the bend, then slug flow become dominant for the rest of
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the horizontal section length, as illustrated in Figure 5-9. It can be noticed from
Figure 5-10 that the PDFs signature of churn flow in the riser and the slug flow in
the horizontal section are similar in shape. This is for the reason that the
hydrodynamic slugs formed at these conditions contain a very high dispersed

bubbles population where the gas holdup reaches a maximum value of around 0.7.
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Figure 5-9: Tomographic images from positions along the pipe system. Liquid
superficial velocity = 0.53 m s and gas superficial velocity = 3.21 m s,
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Figure 5-10: Probability Density Function of void fraction time series at axial
positions along the pipeline. Liquid superficial velocity = 0.53 m s and gas
superficial velocity = 3.21 m s,

5.3 Cross-sectional averaged void fraction
The cross-sectional averaged void fraction was obtained, using ECT at 5D

upstream of the bend and WMS at six locations (5D, 10D, 40D, 69D, 98D and
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128D) downstream of the bend. The cross-sectional averaged void fraction data
was averaged over a period of 60 seconds at an acquisition rate of 1 kHz. The
effects of the gas and liquid superficial velocities on the mean void fraction along
the axial distance of pipe system are illustrated in Figure 5-11 and Figure 5-12

respectively. The dashed line in the figures indicates the location of the bend.

For constant liquid superficial velocity (Figure 5-11) the void fraction increases
with the rise of the gas superficial velocity as expected. It is obvious that at
Ugs=0.045 m s the void fraction continuously decreases after the bend except at

the first location (D=5) at which a slight increase in voidage was observed.
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Figure 5-11: Effect of gas flow rate on the Cross-sectional averaged void fraction
along the pipe system. Liquid superficial velocity = 0.45 m s™.

This due to that the liquid phase immediately after the bend was drained to the
bottom of the pipe and the liquid film was highly agitated causing more bubble to
entrain and hence the void fraction to increase. As the flow moved downstream,

the liquid film was more stable and the gas content was released. Plug flow was
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formed with low gas entrainment, resulting in a decrease in void fraction along the
pipe. At high gas superficial velocity (Ug=3.21 m s1), there was an insignificant
change in void fraction before and after the bend. In this case, the flow is more
chaotic before and after the bend. The flow was churn at the top of the vertical
section and wavy stratified flow up to around ~55D downstream of the bend and

then highly aerated slugs and disturbance waves were formed.
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Figure 5-12: Effect of liquid flow rate on the cross-sectional averaged void fraction
along the pipe system. Gas superficial velocity = 0.91 m s™.

Figure 5-12 shows that the cross-sectional averaged void fraction decreases with
the increase of liquid velocity and also along the pipe system. It seems that void
fraction is less sensitive to the effect of liquid superficial velocity, especially at
further downstream of the bend. Beyond 69 D after the bend the void fraction was

almost constant along the axial direction due to the formation of slugs.

The gas superficial velocity has a major influence on the subsequent flow

development and transition. To quantify the variations, void fraction at 5D before
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and at 98D after the bend is presented for a number of gas and liquid superficial
velocities. The effect of gas superficial velocity on the cross-sectional averaged

void fraction is illustrated in Figure 5-13.
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Figure 5-13: The variation of the averaged void fraction with gas superficial velocity
at 5D upstream (a) and 98D downstream (b) of the vertical bend.

Figure 5-13 shows the mean void fraction for (Ug=0.045 to 3.21 m s and Ujs=
0.15 to 0.53 m s?) at 5D upstream (a) and 98D downstream of the bend (b).
Figure 5-13-a obviously indicates a smooth and continuous increase in void
fraction with increasing gas superficial velocity. It can be seen that the void
fraction is sensitive to the change of superficial gas velocity at low values. The
figure clearly indicates that the curves tend to level off beyond the superficial gas
velocity 1.5 m s This trend can be interpreted as the change in flow patterns
with the increase of gas superficial velocity. Transition from bubbly to slug flow
associates with considerable change in void fraction, this explains the sharpness in

the curve (up to Ug = 0.55 m s™), whereas the transition from slug to churn

143



Chapter 5: Influence of vertical to horizontal 90° bend on gas-liquid
flows development

incorporates a slight change in void fraction (Ug > 0.91 m s?). If the gas
superficial velocity increases further the curve is expected to have another

distinguished increase at the annular flow tarnation.

At 98D downstream of the bend (Figure 5-13-b) the void fraction variation
maintained a generally similar trend to that upstream of the bend only at 0.15 and
0.22 m st liquid superficial velocities, these flow ranges represent mostly
stratified wavy flow and plug flow. Within this range of flow conditions, the
phases were separated and redistributed in the horizontal section without any

significant change in void fraction.

At higher liquid velocity, beyond 0.3 m s?, the void variation showed an
inconsistent trend where it reaches the peak at Ugs = 2.29 m s and then decreases.
This unusual trend of variation in void fraction is more likely due to the formation

of hydrodynamic slugs at gas superficial velocity of 0.91 m s and above.

At first the liquid slugs are irregular and separated by wavy stratified flow which
corresponds to the highest void fraction, as the gas superficial velocity increases
the slugs become more regular causing the void fraction to decrease. At the
maximum gas superficial velocity of 3.21 m s the body of the slugs is mainly

fine dispersed bubbles resulting in increase of void fraction again.

Generally, the effect of liquid superficial velocity is highly influenced by the gas
superficial velocity. The void fraction decreases with the increase of liquid
superficial velocity, however, the variation of void fraction with liquid superficial

velocity at 98D downstream the bend showed relatively different behaviour to that
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before the bend. This is more likely due to the backflow upstream of the bend, in

addition to slug formation after certain length downstream the bend.

5.4 Structure Frequency

The power spectrum spectral density (PSD) analysis was applied to the void
fraction time series in order to estimate the frequency of the flow structure, mainly
slugs and disturbance waves in the horizontal pipe after the bend and includes
spherical cap bubbles in the vertical pipe section. The results were compared to
the method used by Hazuku et al. (2008) as detailed in Chapter 2. The structure
frequencies from both methods were in a good agreement with each other and
with the manual method of counting the peaks in the void fraction time series. The
results of Hazuku et al. (2008) approach are presented here. The characteristic
frequencies of the flow structure were obtained using ECT time series, at 5D
upstream of the bend and WMS signal, at six locations (5D, 10D, 40D, 69D, 98D
and 128D) downstream of the bend. The results that show the effect of gas and

liquid flow rates are presented in Figure 5-14 and Figure 5-15 respectively.

The structure frequencies decrease with the increase of gas flow rates as
illustrated in Figure 5-14. The more dominant trend is the continuous decrease of
frequency along the downstream positions. These results are significantly
different from those reported by Saidj et al. (2014) for horizontal to vertical pipe
system. They indicate that there is no persistence of frequency and reinforces the
point that structure frequency is preserved only if a flow pattern, particularly slug
flow is maintained across the bend. In this case, the vertical to horizontal bend

destroys slug flow and it takes around ~40 to ~55D for slug flow to reinitiate at
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downstream of the bend (only beyond certain gas superficial velocity) (Zhao et

al., 2017).
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Figure 5-14: Effect of gas flow rate on the characteristic frequency along the pipe
system. Liquid superficial velocity = 0.45 m s
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Figure 5-15: Effect of liquid flow rate on the characteristic frequency along the pipe
system. Gas superficial velocity = 1.83 ms™.
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The liquid flow rate has an opposite effect whereby the frequency increases with
the increase of the liquid superficial velocities as explained in Figure 5-15. The
frequencies at all conditions decreases along the pipe system from before to after
the bend, though, there is a rise from just before to just after the vertical to
horizontal bend. This is due to that the flow at 5D downstream of the bend being

chaotic and has no clear structure.

The effect of gas superficial velocity on the frequency of periodic structure,
including slugs and large disturbance waves is illustrated in Figure 5-16 for the
vertical bend. In general the structure frequency exhibits a steady decrease with
the increase of gas superficial velocities. This is attributed to the occurrence of
large structure, provoked by coalescences of small structures. For the vertical
pipe section (Figure 5-16-a), at superficial gas velocity 0.18 m s cap bubbles
were dominant, as the gas superficial velocity increases slugs and disturbance
waves were formed respectively, which explains the continuous drop in
frequency. Generally, the structure frequency increases with increase in liquid
superficial velocity for all the cases considered. At the horizontal section after the
bend the structure frequency, namely slugs decreases with the rise of gas
superficial velocity and increases with the increase of liquid superficial velocity as
shown in Figure 5-16-b. The frequency value seems to decline to below half of

the frequency upstream of the bend.

It is noted that the frequency variation with the gas superficial velocity tends to
level off beyond a gas superficial velocity of 0.91m s™. This is more likely to be

related to the development of slugs.
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Figure 5-16: Frequency variation with air and oil superficial velocity at 5D (a)
upstream and 98D (b) downstream of the vertical bend.

5.5 Structure Velocity

The effect of the gas superficial velocity on the structure velocity, mainly slugs
and disturbance waves, upstream and downstream of the vertical bend is presented
in Figure 5-17. Cross-correlation between the void fractions time series signals
collected from the dual plane ECT were used to compute the structure velocity. In
these experiments it was assumed that the slug unit is traveling at same velocity,
however in reality the Taylor bubble and liquid slug may travel at slightly
different velocities, which is usually considered to be small and has negligible
effect, since the gas entrainment into and out of the Taylor bubble should be equal
(Fernandes et al., 1983). The plot shows, as expected, an increase in structure
velocity with the increase in both, the gas and the liquid superficial velocities. It

was noticed that the effect of the liquid superficial velocity is more pronounced at
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high gas superficial velocity. It can be said that the liquid superficial velocity has

a weaker effect on the structure velocity comparing to that of the gas superficial

velocity.

Figure 5-17 shows that the structure velocity seems to decrease downstream of the

bend, particularly at low gas superficial velocities. This is due to the gravity effect

in the horizontal section downstream of the bend. At low gas flow rate, the

viscous force is more dominant than inertia, and hence the structure velocity is

decrease downstream of the bend, due to the increase in shear rate with the inner

walls of the pipe.
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upstream (a) and 98D downstream (b) of the vertical bend.
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5.6 Slug unit characterisation

As explained in the previous chapters, Slug flow is a crucial gas-liquid flow
regime that persists for a wide range of flow conditions in several industrial
applications. It is associated with an intermittent structure of aerated liquid slugs
flowed by large gas bubbles which is called slug unit. In horizontal pipes, slug
features are asymmetric around the axis. The dispersed bubbles within liquid slugs
are agglomerated at the top part of the pipe, while in the gas bubbles region the
liquid film in collected at the bottom of the pipe, forming a liquid layer that has
either smooth or wavy interface. Slug flow in horizontal pipes can be described as
a succession of dispersed bubbly flow by stratified configuration. The prediction
of the quasiperiodic behaviour of slugging phenomenon has been a challenging
task for industry. Several attempts to model slug flow have been reported
(Nicholson et al., 1978; Andreussi and Bendiksen, 1989; Taitel and Barnea, 1990;
Andreussi et al., 1993) most of which are based on the unit cell model that was
first introduced by (Dukler and Hubbard, 1975). This approach simplifies the
slugging phenomenon to a sequence of slug units through several assumptions and

then a mass balance around a slug unit can be achieved.

The mechanism by which gas entrained into liquid slug is rather complex,
however, a simplified approach has been always employed in modelling
continuous slug flow. In horizontal pipes, slug aeration mechanisms are slightly
different from that of vertical slug, since the symmetry of the Taylor bubble and
liquid film around the pipe wall is lost. As the liquid slug moves along the pipe,
liquid is continuously scooped from the slow liquid film in the front into the body

of the slug. The slug is considered stable when the picking up rate is equal to the
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shedding rate at the back. The penetration of the slow liquid film into the fast
moving slug results in highly aerated mixing vertex at the slug front. Essentially
bubbles are dispersed into the body of the slug forming a more stabilised region.
The gas bubbles can also be rejected to the leading Taylor bubble, due to the
circulation of the mixing zone, or absorbed by the trailing Taylor bubble. In
developed flow, the rate of bubbles generation and loss is considered equal

(Dukler and Hubbard, 1975).

In the following subsections, the effect of vertical to horizontal bend on the
evolution of slug flow is investigated. Direct comparison between the developed
slugs upstream and downstream of the bend is presented. The results examine the
effects of gas and liquid superficial velocities on the slug features, Tayler bubble
velocity, slug length, the frequency of slug and void fraction in liquid slugs.
Finally, the predictability of the current correlations for horizontal slug flow is

validated against the experimental data.

5.6.1 Taylor bubble velocity

The structure velocity of slugs was determined by cross correlating the time
averaged void fraction distribution of the twin-plane ECT sensor. The ECT sensor
was placed at a sufficient distance downstream of the bend (128D) to allow the

flow development.

Figure 5-18 demonstrates the change in the slug velocity at 5D before and 128D
after the bend. It can be clearly seen that the velocity increases with the increase

of gas and liquid superficial velocities. The slug velocity is visibly lower at
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downstream of the bend than the velocity of slugs upstream of the bend. This can

be mainly due to the gravitational effects in the horizontal section.

The decrease in slug velocity after the bend seems to be more pronounced at high
gas superficial velocity. It can be said that that the slug velocity upstream of the
bend might influence the distance at which the slugging initiates, based on the
required liquid level, but it seems to have no significant influence on the slug
velocity in the horizontal section. This is mostly due to the separation of phases

after the bend.
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Figure 5-18: Slugs velocity variation at 5D upstream of the bend (filled symbols) and
128D downstream of the bend (empty symbols).

The correlation of Nicklin et al. (1962) has been widely accepted to correlate

Taylor bubble velocity in continuous slug flow at different pipe inclination.

(5.3)
ugTB = C()Um + Ud
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Where, U, is the drift velocity, U,, is the mixture velocity and C, is the
distribution parameter. A nonzero drift velocity in horizontal pipes has been a
controversial topic amongst two-phase flow researchers. Based on physical
justification, zero drift velocity has been reported by Dukler and Hubbard (1975)
Gregory and Scott (1969), while other investigators have claimed that a nonzero
drift velocity can exists in horizontal pipes (Mattar and Gregory, 1974; Nicholson

et al., 1978; Weber, 1981).

The intuitiveness of physics would suggest that in horizontal flow, Taylor bubbles
as well as dispersed bubbles in liquid slug migrate to the upper wall of the pipe.
This should make the bubbles stationary with no slip velocity in the direction of
the flow. Conversely, Zukoski (1966) showed experimentally that the drift
velocity exists in horizontal pipes, he conducted experiment in pipes of a closed
ends at different inclination. The drift velocity in those experiments was equal to
the velocity of the air pocket moving in the opposite direction of a drained liquid
out of a horizontal pipe. Benjamin (1968) has proved theoretically (in his paper
page 22) the work of Zukoski. The drift velocity derived from Benjamin’s work
can be presented as a function of pipe diameter as in eq.(5.4) (Weber, 1981; Van

Hout et al., 2002a; Fabre, 2003).

(5.4)

Uy = 0.54,/gD

Where g is the gravitational constant and D is the diameter of the pipe. The
existence of drift velocity in horizontal pipes was justified by the difference in

static head that induced by the liquid level in the pipe cross-section as reported by
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(Nicholson et al., 1978). Weber (1981) claimed that the drift velocity approaches
zero in small pipes (< 5 mm). He correlated Zukoski’s results in term of Eotvos

number (E,,) and suggested that drift velocity is zero at E,, < 12.

Form Nicklin equation, the drift velocity can simply be obtained by extrapolating
the experimental values to Um = 0 as shown in Figure 5-19. It is obvious that the
current data can be fitted with a straight line (the black dotted line) that has an
intercept of 1.1 with R? = 0.9. This value corresponds to the drift velocity and
should have a physical significant. The deviation from the fitted line increases at

high mixture velocity.

The estimated drift velocity for the whole range of slug flow conditions in this
work is equal to (1.34\/g_D). It is significantly higher than the velocity of single
bubble in stagnant liquid for both horizontal and vertical flows, similar
observation is reported by Van Hout et al. (2002a) form inclinable 54mm pipe
with water as liquid phase. This is due to the contribution of the dispersed
bubbles in the liquid slug to the velocity of Taylor bubble where the coalescence
of the dispersed bubbles to the nose of Taylor bubble enhances its velocity.
According to Bendiksen (1984) the drift velocity approaches zero at high mixture
velocities. He suggested a critical Froude number equal to 3.5 for the transition
from a nonzero to zero drift velocity. When this criterion was applied to the

current data and the high mixture velocities were excluded, the drift velocity

obtained by extrapolating the best fit (the red dotted line) was equal to (0.7,/ gD).
This appears a great improvement, where the predicted drift velocity is slightly

higher than the theoretical value. The overestimation of drift velocity in this work
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is more likely due to highly aerated slugs particularly at high flow velocities that

cause the transitional velocity of Taylor bubble to increase as a result of bubbles

coalescence. The estimated distribution parameter at low mixture velocity is in

agreement with the value suggested by Nicklin et al. (1962) C,=1.2, while for the

whole range of slug conditions, C, was equal to 0.82.
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Figure 5-19: Regression analysis on the measured Taylor bubble velocity in the
horizontal section downstream of the bend.

In this work, the correlation of Gregory and Scott (1969) eq.(5.5) for a zero drift

velocity was used to predict the experimental results, while eq.(5.6) was used to

examine the existence of drift velocity.

Ug

U,
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It should be noted that there is no agreement in the literature on a single value for
the distribution parameter C,. Bendiksen (1984) has suggested that C, is strongly
dependent on Froude Number, where C, =1.05 for (Fr < 3.5) and C, =1.2 for (Fr >
3.5). Other values of C, were also reported for horizontal slug flow, varying from
1.28 to 1.35 (Gregory and Scott, 1969; Mattar and Gregory, 1974; Dukler and
Hubbard, 1975)). The value of C, =1.35, reported in Gregory and Scott (1969)
was used in this work, since it gave the best estimation. In fact, when the current
data was fitted with a line passing through the origin, almost similar value of

(Cp=1.36) was obtained.
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Figure 5-20: Theoretical prediction of the experimental Taylor bubble velocity.

Figure 5-20 illustrates the theoretical prediction of Taylor bubble velocity in
horizontal pipe downstream of the vertical to horizontal bend. The figure shows
that the correlation of Gregory and Scott (1969) under predicts the experimental
data with an average absolute error of 15% and standard deviation of 3.15.

Nicklin’s equation showed a better anticipation of the Taylor bubble velocity,
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particularly at lower velocities with an average absolute error of 11.1% and
standard deviation of 2.5. The equation of Nicklin, employing the theoretical drift
velocity, seems to accurately predict the experimental results at low mixture
velocities (Fr < 3.5) with an average absolute error of 5% and standard deviation
of 1.6. For high velocities, the correlation started to deviate and clearly
overpredicts the experimental values. This due to overestimation of drift velocity
at this conditions which is in agreement with the results of Bendiksen (1984) who
reported that Uq approaches zero at high Froude number (Fr > 3.5). The equation
of Gregory and Scott that considers zero drift velocity confirms this finding, since
it underpredicted the experimental values at low mixture velocities and notably
improved at high velocities where the drift velocity is expected to be negligible.
Wang et al. (2007) reported similar observation on the critical Froude number,
using air-water in a horizontal 50 mm ID pipe of 133 m long. They also suggested
that axial location has an influence on the distribution parameter. They found that

C, changed from 1.35to 1.726 at 1157D and 2609D respectively.

Although it seems instinctively not convincing that drift velocity in horizontal
pipes can be greater than that in vertical pipes, the current results and the reported
data in the literature indicate the existence of some sort of unsteady velocity
profile in horizontal pipes which is usually related to the drift velocity. This drift
velocity is explained as the difference in static head between the top and the
bottom of Taylor bubble nose in a horizontal pipe. At high mixture velocity, the

contribution of drift velocity to Taylor bubble velocity seems negligible.
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5.6.2 Slug length

The length of slugs was estimated through multiplying the averaged transitional
velocity of slugs by the resident time of slugs at the sensor. The velocity was

assumed to be constant throughout the test section.

At the horizontal pipe downstream of the bend, the slug lengths seem to increase
in the axial direction. Figure 5-21 illustrates the growth of the slug lengths along
the pipeline. The first measuring location after the bend is at 69D. The slugs at

this position are not fully developed yet.
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Figure 5-21: The axial development of the mean liquid slug length at the horizontal
section, liquid superficial velocity=0.53 m s™.

It is obvious from Figure 5-21 that the mean length increases along the pipe in the
direction of the flow downstream of the bend. This is clearly due to that slugs pick
up more liquid as they travel further downstream. The fast moving slugs scoop the
liquid film and the slow moving waves in front and shed liquid at the back. When

the rate of liquid accumulation in the body of slugs is higher than the shedding
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rate at the back, the slugs develop longer. The rate of growth increases at high gas
velocities within the range of the flow conditions of this work. This mainly due to
the fact that slugs formed at these conditions move faster and hence quickly
overriding preceding waves and liquid film. Consequently, slugs appeared longer
for high gas superficial velocities at the same axial location. According to Scott et
al. (1989), there two mechanisms of slug growth, the first is what has been
described here and it is called developing slug growth and the other is long-term
growth. The former causes a rapid growth; while the latter is slower and has a
long-term effect. The long-term growth occurs when the liquid film region
between slugs becomes smooth. This growth mechanism can be noticed only if
the slugs travel very long distance; since it was reported for field experiments of 5

km long pipes.

It was also observed that the length of slugs increases with the increase of gas
superficial velocity. This is in agreement with the work of Ferré (1979) for air-
water flow within the range of 0.5 to 4 m s gas velocities in a 45 mm diameter
pipe of 50m length and Wang et al. (2006) for air-oil flow in a 50 mm diameter
pipe of 133m length at gas superficial velocity below 6 m s™*. More recently, Losi
et al. (2016) have reported a strong dependency of slug length on gas superficial
velocity, using air and high viscosity oil (37 to 804mPa.s) in relatively small pipe
(22 mm 1.D.) of 9 m long. Based on their explanation, turbulence at higher gas
velocity provokes an expansion of the mixing eddies at the front of the slug, and
consequently causes longer slugs; however no clear interpretation was given on
how the expansion of the turbulent region should make the slug longer. This

perhaps means a lower pressure drop at the front of the slug and hence faster
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traveling velocity which can increase the rate of liquid pick up. Scott et al. (1989)
has also reported the increase of slug length with gas superficial velocity for 5km
long and 410 mm to 610 mm ID pipes respectively, they related the increase of

slug length to the increase of gas holdup within the liquid slug.

The length of slugs seems less sensitive to liquid superficial velocities; the length
slightly decreases with the increase in liquid flow at constant gas velocity, similar
to the trend reported by (Wang et al., 2006). Several experimental investigations
suggest that the slug length is insensitive to the change in gas and liquid
superficial velocity, including (Nicholson et al., 1978; Woods et al., 2006; Nydal
et al., 1992). The gas velocities reported in those papers extended from 0.5 to 20
m s, therefore if the conditions similar to this work, 0.5 to 3 m s gas superficial
velocity, was considered a clear accumulative trend of slug length can be observed

from their data.

The length of slugs further away from the bend seems to reach a quasi-stable
condition where the length is almost constant and the rate of change in length with
the axial direction become notably small. The slug lengths in the horizontal
section ranges from 9D to 30D, while in the vertical section it varies between 5D
and 12D as shown in Figure 5-22. The measured slug length in this work is
comparable to the stable length reported in the literature for vertical pipes ( 8D-
16D) (Moissis and Griffith, 1962; Akagawa and Sakaguchi, 1966; Barnea and
Shemer, 1989) and horizontal flow (12D-30D) (Dukler and Hubbard, 1975;
Nicholson et al., 1978; Barnea and Brauner, 1985; Andreussi and Bendiksen,

1989; Nydal et al., 1992). This indicates that the stable slug length in the
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horizontal slugs flow is almost double that of vertical slugs. It is evident that the
length of the horizontal section downstream of the bend was sufficient for
sustaining stable slugs. The length of slugs before and after the bend was within
the stable length values reported for vertical and horizontal flows respectively at
similar flow conditions. Therefore; it can be said that the effect of the bend on the
flow evolution was mainly phase redistribution and separation. The flow after the
bend was mainly introduced as a stratified configuration similar to most of the
experimental work of horizontal gas-liquid flow. The current data is in agreement
with Scott et al. (1989) conclusion for long pipes, that slug it is not completely an
entrance effect since at certain flow conditions slugs were observed to form

further away downstream of the bend.
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Figure 5-22: Slug length variation at 5D upstream of the bend (filled symbols) and
128D downstream of the bend (empty symbols).

It should be noted that the error in estimating slug length might be higher at high

gas flowrate; where liquid slugs are highly aerated and it becomes difficult to
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distinguish between the Taylor bubble region and the wake zone within the liquid

slug.

5.6.3 Slug frequency

Slug frequency is a crucial factor in the design of the downstream equipment
since it gives a direct representation to the flow instability. Slug frequency and
slug length are interrelated slug features and both can be used alternatively. The
method proposed Hazuku et al. (2008) was employed to identify the liquid slugs
from the void fraction time series as described in Chapter 3. In this method certain
threshold of void fraction was used to separate slugs from Taylor bubbles as well
as waves. Then the frequency was estimated from dividing the number of slugs by
the time interval of the measurement. The results from this method was
crosschecked by the PSD method as well as the hand counting and a perfect
agreement was achieved, although, the results of the former method are presented

here.

Figure 5-23 illustrates how the frequency of slugs varies along the pipe line. It is
clear that the frequency decreases along the pipe line from after to before the bend
and to a less extent it decreases with the increase of gas superficial velocities. The
reduction in the frequency in this case is due to the dissipation of some slugs
before they exit the pipe. At high gas superficial velocities, the liquid level behind
the formed slugs dropped sharply and longer time is taking for the liquid layer to
reform to the equilibrium level, consequently longer time is required for the slug
formation. In addition, large disturbance waves became more frequent at these

conditions. The visual observation showed that liquid level became lower at high
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gas velocities for constant liquid flow rate and hence the initial liquid layer was

below that required to generate stable slugs.
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Figure 5-23: Frequency variation as a function of gas superficial velocity along the
pipe system. Liquid superficial velocity=0.53 m s™.

In the horizontal section after the bend, the change in frequency of slugs at the
axial positions became steady at high gas flows. At 128D downstream of the
bend, the frequency is more stable and less sensitive to the change in gas
superficial velocity. Liquid slugs are considered stable at the end of the horizontal
section. Wang et al. (2007) and Al-Safran (2009a) reported that slug frequency is
weakly sensitive to the pipe length, although, more recently Thaker and Banerjee
(2015) observed a decrease in frequency with pipe length. Al-Safran (2009a) has
also cited other works that disagree with his findings, including (Taitel, 1987) and
(Shea et al., 2004). Taitel (1987) suggested that since the slug length increases in
long pipes, due to the merging of successive slugs, the frequency of slugs should

decrease.
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The variations in the frequency of slugs upstream and downstream of the bend
are presented in Figure 5-24. At 5D upstream of the bend the frequency tends to
decline as the gas superficial velocity increases. This is due to the increase in the
rate of coalescence between slug units with the increase in gas flow rates. The
liquid superficial velocity seems to have an opposite effect. The frequency of

slugs increases as the liquid flow increases.
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Figure 5-24: Frequency variation at 5D upstream of the bend (filled symbols) and
128D downstream of the bend (empty symbols).

Further downstream of the bend at 128D the frequency tends to decrease slightly
as the gas superficial velocity increases then it stays almost constant. The decrease
in frequency in this case is due to the breakup of some slugs and also due to the
generation of disturbance wave that dissipated further downstream instead of
developing into liquid slugs. The effect of liquid flow rate seems more significant
than the gas flow rate in the horizontal section, the frequency increases with the
rise of liquid flow which is in agreement with the work of Wang et al. (2007).

The frequency variation showed a significant difference before and after the bend.
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It is obvious from Figure 5-24 that the frequency of slugs downstream of the bend
decline to almost one fifth of that upstream of the bend. It is evident that the phase
separation at the vertical bend and the redistribution of the phases caused a
significant alteration of the flow structure. It can be noticed also that the
frequency after the bend become almost constant at high gas superficial velocity.
This gives an indication that the onset of slugging downstream of the bend can be

completely independent of the flow conditions upstream.

The estimation the frequency of liquid slug is significantly necessary in a wide
range of industrial processes, particularly in oil and gas transportation. An
accurate prediction of slug frequency is crucial to avoid serious operation issues
such as flooding in gas-liquid separators and the failure of pipe system due to
instabilities. Slug frequency is also required to predict pressure drop fluctuations.
Several correlations have been proposed to estimate the frequency fluctuation of
slugs. The main correlations are reviewed in Chapter 2. In this section three
correlations are used to predict the frequency of slugs at 128D downstream of the
bend, namely Gregory and Scott (1969), Nydal (1991) and Zabaras (2000)

correlations.

Figure 5-25 shows the accuracy of three different correlations in estimating the
slug frequency. Zabaras (2000) and Gregory and Scott (1969) correlations showed
a better prediction of the frequency than Nydal (1991) correlation which clearly
overpredicted the measured frequency. Both correlations produced an average
percentage error of -1.03% and 17.26% respectively. This is considered a good

performance in comparison to the reported in the literature. The averaged absolute
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error of Zabaras (2000), Gregory and Scott (1969) andNydal (1991) correlations is

32.41%, 34.12% and 69.28% respectively.
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Figure 5-25: prediction of slug frequency at 128D downstream of the bend.

It is expected that the first two correlations should give similar results, since the
former is an altered form of the later, except that Zabaras (2000) included the
effect of slight inclination on the slug frequency. The Zabaras (2000) and Gregory
and Scott (1969) correlations showed a wide fluctuation around the mean of the
predicted values, with an average standard deviation of 5.91 and 7.07

respectively. This is directly related to the complex nature of slug frequency.

In general, none of the studied correlations seem to produce a close agreement
with the experimental values. This is acceptable since that there is no single
correlation that can be applied to all flow conditions. The three applied
correlations have considered pipe diameter and liquid flow rate as the main

parameters influencing the slug frequency. However each correlation was limited
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to a specific flow conditions. Gregory and Scott (1969) correlation was developed
for carbon dioxide and water experiments in 20mm ID pipe. The slug frequency
was correlated with Froude number, based on the slug velocity at the minimum
frequency. Zabaras (2000) used a 399 data point that collected from pipes in the
range of 25mm to 200mm ID. Although Zabaras claimed that his correlation gives
zero averaged error, his validation included only the same data that was used
originally in developing the correlation. In order to develop more general
correlation, the parameters that influence the slug frequency should be identified

and then the effect of each parameter should be investigated.

The understating of the mechanisms that control slug initiation is essential in
estimating the slug frequency. Taitel and Dukler (1977) define the slug frequency
as the inverse of the time required for a slug to be formed near the pipe entrance.
Therefore, investigating the factors that influence this mechanism is required. Al-
Safran (2009a) has recently investigated the effect of the formation mechanism of
hydrodynamic and terrain slugging on the frequency of slugs. He considered the
slip velocity between gas and liquid phases to be strongly related to slug
frequency. The validation of his proposed model against independent
experimental data, showed an average percentage error of 43% and absolute
average error of 47% with high standard deviation. This is obviously higher than
the discrepancy obtained in this work form more simpler correlations. Therefore
more work is needed in order to propose more accurate and general correlation.
All the independent variables that might affect the frequency of slug should be
considered such as; the development length that was neglected in some studies,

including (Al-Safran, 2009a).
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5.6.4 Void fraction in liquid slug

The void fraction in the liquid slugs (g45,) Is a critical parameter for anticipating
the liquid holdup in the downstream facilities and for predicting pressure drop in
the pipe system in oil and gas production. It is also required as an input value for
slug flow mechanistic models such as the models developed by Dukler and
Hubbard (1975) and Nicholson et al. (1978). Over the past decades, there has been
an attempt to develop correlations that are applicable for wide range of flow
conditions, yet none of the available correlations in the literature seem to attain

SUCCeSS.

Slug aeration is governed by serval mechanisms, a good understanding of the
aeration process is critical in predicting the gas holdup within liquid slug. Bubbles
are entrapped into the liquid slug from the leading Taylor bubble and detached
into the trailing liquid film or Taylor bubble. Bubbles entrainment occurs
through; the jet effect at the slug front, the mixing eddies at the mixing region and
the leading aerated liquid film (Al-Safran et al., 2015). The relatively fast speed of
the slug with respect to the slow moving liquid film results in a jet effect where
the film penetrates the slug to a certain distance before it is absorbed.
Consequently a highly turbulent region at the front of the slug called mixing
region is formed; the length of this region depends on the relative velocity of the
slug. Bubbles are entrained due to the high shear rate between the slug front and
the leading liquid film and also due to the turbulence circulation. For viscous
fluids, bubbles trapped in the liquid film are absorbed by the slug body. Dispersed

bubbles are then transferred from the mixing zone into the main body of the slug,
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the bubbles size and distribution are related to the dominant forces, either

turbulence or viscous, within the slug body.

In this section, the effects of axial flow development, gas superficial velocities
and liquid superficial velocities on the void fraction in the liquid slug are
investigated. The influence of a vertical to horizontal bend on the void fraction
within the slug body is also examined. At last the experimental results are used to
validate the available correlations for predicting the void fraction in the liquid

slug.

Figure 5-26 illustrates the effect of axial distance on the change in the void
fraction within liquid slugs. For a given set of gas and liquid superficial velocities,
the void fraction in liquid slugs seems slightly higher at upstream of the bend,
particularly at Ugs= 0.36 m s%, and almost constant along the pipeline downstream
of the bend. In the case of Ug= 0.36 m s the slugs were slightly aerated before
the bend and as they passed the bend the liquid was drained down in the
horizontal section immediately after the bend and the gas content was mostly
released. The slug formed downstream of the horizontal section were less aerated
due to the low gas flow and the consequent low interfacial share stress between
phases. As the gas flow rate increases the difference in the gas holdup at before
and after the bend is reduced. The results indicate that the vertical bend effect is
more pronounced at low gas flow rates whereby gravity is dominant in the
horizontal section. The change in gas holdup along the horizontal section seems

slight and showed a nontangible effect of the pipe length.
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Figure 5-26: Axial development of the void fraction in slug length at the horizontal
section, Uls=0.53 m s

The effects of the bend and of flow conditions on the gas void within liquid slugs
are presented in Figure 5-27. In all cases the gas hold up of slugs in the vertical
section upstream of the bend is higher than that at the horizontal section
downstream. This directly related to the effect inclination angle on the velocity of
Taylor bubble. The Taylor bubble velocity in the horizontal section is lower than
that of the vertical section, and consequently the relative velocity between the
liquid film and the slug is lower causing a smaller production rate of bubbles in
the this case. This is in accordance with the results of Andreussi and Bendiksen

(1989) for air-water flow in slightly inclined (-3° to +5°) pipes.

Felizola and Shoham (1995) and Gomez et al. (2000) examine the effect of
inclination angle on the liquid holdup, for wide range of experimental data in the
full range of inclination, from horizontal to vertical. They reported that void

fraction increases as the inclination angle increase from horizontal to vertical.
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Similarly,Barnea et al. (2013) reported strong dependency of gas holdup in liquid
slug on the inclination angle ranging from 2° to 90°. The gas holdup increases
with the increase of inclination due to the high shear rate between the liquid film
and the slug body that causes a higher rate of gas entrainment from the preceding

Taylor bubble.
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Figure 5-27: Void fraction in liquid slug variation at 5D upstream of the bend (filled
symbols) and 128D downstream of the bend (empty symbols).

It is also obvious that the gas content within the slug body increases with the
increase of gas superficial velocities, while liquid superficial velocity has an
opposite effect. The effect of liquid superficial velocity seems insignificant as
reported by (Nydal et al., 1992). At high gas flow rate the g;5, was almost
reached 0.7 which is higher than the value suggested by the theory of maximum
gas packing presented by (Brauner and Barnea, 1986). Similar observations
reported by Brandt and Fuchs (1989) for large scale experiments of nitrogen-
diesel flow at high pressure where a minimum liquid holdup of 0.26 was reported.

They argued that maximum packing theory may not be applicable for liquids such
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as diesel where frothy highly turbulent mixture of nonhomogeneous bubbles is
generated. Indeed this is the case for the current experiments, where smaller

bubbles filled the space between slightly larger bubbles within liquid slug.

Figure 5-28 indicates the frothy nature of the liquid slugs in this work, especially
at high gas flow rates. It presents the ratio of void fraction between the liquid slug
and the film region. As can be seen from the figure that the ratio increases with
the increase of gas superficial velocity and it approaches near unity at the highest

gas flow rate in these experiments.
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Figure 5-28: Void fraction ratio between liquid slug and Taylor bubble against gas
superficial velocities.

The high void fraction in this case is mainly due to the effect of physical
properties such as viscosity and surface tension. Né&dler and Mewes (1995)
experimentally showed that the gas holdup in air-oil flow is higher than in air-
water flow. Their experiments were conducted with water and oil of 14 mPa.s and

37 mPa.s viscosity in 59 mm ID pipe. They suggested that the effect of surface
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tension and density difference are the main cause of the increase in void fraction.
The effect of surface tension on the gas holdup within liquid slugs is also reported
by Andreussi and Bendiksen (1989) and Nydal et al. (1992) where gas holdup
decreases with the increase of surface tension. The surface tension of oil is lower
than water, producing smaller bubbles size in air-silicone oil flows. The smaller
bubbles disperse in the body of the slug and take longer time to migrate to the top
wall of the pipe which reduces the loss rate of bubbles from the liquid slug and

consequently increases the void fraction.

The void fraction in liquid slug was predicted using the available correlations in
the literature. Figure 5-29 illustrate the performance of four correlations based on
the relative accuracy of the predicted data. Statistical analysis was applied to
measure the reliability of the available correlations. The void fraction in liquid
slug was poorly underpredicted by (Malnes, 1983; Marcano et al., 1998; Gregory
et al., 1978; Andreussi and Bendiksen, 1989) with an average percentage error of
-60.28%, -65.86%, -72.67%, and -94.02% respectively. All correlations showed a
small deviation from the mean. Indeed, the poor performance of Gregory et al.
(1978) was surprising at the beginning, since the correlation was originally
developed using experimental data almost similar to this work. Their experiments
were conducted in 50mmID pipe with of air and light oil of viscosity and density
of 6.7mPa.s and 858kg/m3 respectively. However, this discrepancy was later
justified by the difference in the reported void fraction measurements. Gregory et
al. data showed maximum void fraction of 0.25 within the range of gas and liquid

flow rates of the current work, which is below the half of the value reported in this
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work. This should be due to the difference in the measurements techniques used in

both studies.
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Figure 5-29: Predicted void fraction in liquid slug using the available correlations.

Pereyra et al. (2012) examine the performance of the same correlations based on
the measuring technique; there seem to be tangible difference in the relative
accuracy for data generated by different devices, though, Gregory et al. (1978)
correlation was reported as the best correlation for horizontal pipes. In general, it
has been always considered as simple and reasonable reliable correlation for
horizontal pipes (Abdul-Majeed, 2000; Al-Safran, 2009b; Pereyra et al., 2012),
however, it could be argued that this results are biased by the fact that the Gregory
et al. data has always dominated the data bank, with (156 data points) almost 50%

of the data used for models validation.

It should be noted that Gregory et al. (1978) and Marcano et al. (1998) correlated

the liquid holdup in liquid slugs in term of mixture velocity only, therefore it is
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expected that the produce similar results. This absence of physical properties and
geometrical effects on the void fraction in liquid slugs may justify the limited
accuracy of those models. Malnes (1983) used Gregory et al. data and proposed a
correlation as a function of mixture velocity, pipe diameter and liquid properties,
however, only a slight improvement is observed in this this work in comparison to
Gregorey correlation. It is more likely due to the inherent discrepancy in void
fraction data obtained by Gregory in comparison to this work. Andreussi and
Bendiksen (1989) presented their correlation as a function of the pipe inclination
and diameter, using water as liquid phase. As explained earlier the gas holdup of
silicone oil used in this work is much higher than that reported for water. This is
due to the difference in viscosity and surface tension that causes the production of
smaller bubbles and increase the holdup time of dispersed bubbles with in liquid

slug.

The data indicates that the void fraction in liquid slug is a complex slug flow
feature that is a function of several independent parameters. The void fraction in
liquid slug has been mainly correlated in term of mixture velocity. Several
correlations considered the effect of operational conditions, physical properties
and pipe geometry, though; they are applicable to a limited range of flow
conditions, close to the range used to develop those correlations. None of the
reported correlations in the literature can be extended to the entire range of
operation conditions. In order to generate a unified model that can overcome the
limitation of the current correlations, an enormous data base that includes a vast
range of experimental and filed data is required. A great attention should be paid

to the measuring techniques used to estimate the gas holdup in liquid slugs, since
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different measuring devices cloud produce different results for same flow

conditions.

5.7 Summary

Gas-liquid flow experiments were conducted in an open system, in which the air
and 5 mPa.s silicone oil flow rates were changed from 0.045 to 3.21 m s and
0.15 to 0.53 m st respectively. Electrical Capacitance Tomography (ECT) and
Wire Mesh Sensor (WMS) were used to provide cross sectional averaged void
fraction at upstream and downstream of the bend respectively. The ECT was kept
immediately upstream while the WMS was moved at six positions after the bend.
The probability density functions (PDF) of the averaged void fraction time series
were estimated in order to identify the corresponding flow regime, the results
were visually confirmed using high speed camera. The void fraction time series
were used to identify the main characteristics of the flow such as; structure
velocity and frequency, Taylor bubble velocity, slug length, slug frequency and
the void fraction in liquid slugs. The main findings of this work concluded as

below:

e For the range of flow rates considered bubbly, cap bubble, slug and churn
flows were observed in the vertical riser upstream of the bend while in the
horizontal section downstream of the bend slug flow was dominant, in
addition to the stratified and plug flows at low gas and liquid flow rates.

o Stratified flow was dominant up to (~40D) downstream of the bend for

most of the flow conditions, except at low gas flow rate (< 0.36 m.s) and
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high liquid flow rate (> 0.22 m.st) where the liquid level is high enough
to bridge the pipe and form either plug or slug flow near the bend.

e Slugs were observed further away from the bend for certain flow
conditions (gas superficial velocity > 0.55 m.s™%). This might indicate that
slug flow is not totally an entrance phenomenon.

e The Flow patterns observed from experiments were compared with those
predicted by flow patterns maps. The transitional borders were corrected
to the corresponding experimental parameters. All of the observed flow
regimes are predicted well, except the wavy flow in the horizontal section
which was poorly expected by Mandhane et al. (1974) flow map. This is
due to the inherent discrepancy of the data used to generate the original
map.

e Liquid slugs are destroyed at the bend and the phases are completely
separated shortly downstream. Therefore, the formation of slug in the
horizontal section is directly associated with the necessary conditions for
slug occurrence in horizontal pipes.

e The velocity of Taylor bubble and liquid slug increases with the increase
of gas superficial velocity. The velocity downstream of the bend is lower
than the velocity upstream. This is mainly due to the gravity effect in the
horizontal section.

e A non-zero drift velocity in horizontal pipes is justified only at low
mixture velocity. While at high mixture velocities zero drift velocity

should be implemented.
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e Slug length increases in the axial direction in both the vertical and
horizontal sections. This mainly due to the emerging process of
consecutive slug units along the vertical pipe. While in the horizontal pipe
the entrainment rate of liquid in front is higher than the shedding rate at
the back of the slug. The reported slug length is within the range of stable
slugs in both vertical and horizontal sections respectively. Generally, the
length of slugs increases with the increase of gas superficial velocity.

e The frequency of liquid slugs decreases along the vertical and horizontal
pipes; this is due to the coalescence of slug units and the breakup of
liquids slugs in the vertical and horizontal sections respectively. The
frequency of liquid slugs downstream of the bend was declined to almost
one fifth of the frequency upstream of the bend.

e Void fraction in liquid slug increases with the increase of gas superficial
velocity. The gas holdup was higher in the vertical section upstream of the
bend in comparison to that of downstream of the bend. Silicone oil showed
that surface tension and viscosity have a great influence on the gas holdup
in liquid slugs. The void fraction in liquid slugs in these experiments was
higher than that predicted by the maximum packing theory.

e The flow development can be achieved in a vertical riser and horizontal
section of 68 mm ID within 65 and 128 pipe diameter lengths respectively.

e The flow behaviour at further downstream of the 90° bend, including void
fraction and frequency variations, give an indication that the formation of
hydrodynamic slugs further downstream of the bend is independent of the

inlet conditions at upstream of the bend.
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The majority of the available correlations for predicting slug flow
parameters are limited to a certain range of flow conditions. None of these
correlations can be generalised for the entire range of operation conditions.
Some correlations seemed more reliable such as Nicklin et al. (1962)
correlation to estimate the velocity of Taylor bubble, while others have
poorly predicted the experimental results such as the correlation proposed
for void fraction estimation in the liquid slug. Table 5-1 presents the
statistical measures that were used to compare the correlations employed
in this work.

A great and unified effort is needed in order to develop more general
correlations that consider all the independent flow variables. A balance
between the accuracy and simplicity might be achieved if all sources of

possible measurement errors were eliminated.
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Table 5-1: The statistical measures for the employed two-phase flow correlations.

Statistical measures

Source; Correlation P'Efu%g); APE AAPE SD
Nicklin et al. (1962) 26mm
ugrp = 1.35(ugs + wis) + Ug Airjwater | 987 1114 25
Gregory and Scott (1969) 19mm
Carbon
Uyrp = 1.35U,, dioxide/ | -7.94 1507 3.5
water
Gregory and Scott (1969) 19mm
Carbon
_ ug /19.75 dioxide/ | -1.04 34.12 7.08
f, = 0.0226 [g—d< T um)] water
Zabaras (2000)
_ ug (212.6 12 25mm,
fs = 0-0226[g_d< o +um)] (0836 | 10omm | -1727 3241 592
+ 2.75sin(0)] air/water
Nydal (1991) 53mm,
(ws + 1.5)° 90mm | 68.71 69.28 8.13
f; = 0.088 od air/water
Gregory et al. (1978) 51.2mm
EgsL = ;139 25.8mm | -72.67 72.67 0.9
MUm ™ air/light oil
1+ (g5) J
Marcano et al. (1998) 77.9 mm
£ = ! arl | 6586 65.86 0.9
&l ™ (1.001 4+ 0.0179u,, + 0.0011u2,) | Kkerosene
Malnes (1983) 51.2mm
u : '
ggsL = 1 — - 25.8mm | -60.28 60.28 0.75
g go 1 0 5 . R R
[83 (p_lg) + um] air/light oil
Andreussi and Bendiksen (1989)
_Frp —Fy 50mm,
feSL T B _F, 90mm | -94.02 94.02 3.86
Air/water
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Chapter 6

Experimental characterisation of air-
silicone oil slug flow through a horizontal

90° bend

Slug flow is a common occurrence in a broad variety of industrial applications,
over a wide range of liquid and gas flow rates. In horizontal pipes, slug flow is
characterised by a repeated pattern of aerated liquid surges that is separated by a
wavy stratified configuration. It is considered as an intermittent flow pattern that
is associated with fluctuations in void fraction, velocity and pressure. The pipeline
system in the oil and gas industries consists of risers, horizontal and inclined
pipes, in addition to fittings such as bends and T-junctions. This can make
slugging phenomenon even more complex and unpredicted. Therefore the
occurrence of slug flow, in such pipelines, is a fundamental challenge in terms of
the damage that can cause at pipe fittings due vibration and the generation of
dryout zones. Moreover, predicting the size of slugs is a crucial factor in
equipment designed and control, particularly gas-liquid separators due to the

continuous change in the volume of liquid and gas received at the vessel.

Developed slug flow in straight pipes has been the focus of researchers over the
past years. In contrast, the effects of obstructions and fittings, such as bends, on

the evolution of slug flow have been only investigated in a limited number of
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publications. Moreover those publications that considered slug characteristics
through bends were mostly conducted in relatively small pipes and with water as
the liquid phase. Therefore, this work aims to investigate the influence of a
horizontal to horizontal 90° bend on the evolution of slug flow in 68 mm ID pipes.
It provides more detailed analysis of slug characteristics before and after the bend

in order to evaluate the significance of horizontal bends on flow alteration.

The following sections present detailed experimental results for air-silicone two-
phase flows through a horizontal bend. The ECT was located at 5D upstream of
the bend, while the WMS was moved at 10D, 40D, 69D and 75D downstream of
the bend. The WMS measurements at different locations were done separately,
though the repeatability of the measurements at upstream of the test section is
justified through random uncertainty analysis and PDF plots, as described in

Chapter 3.

The flow patterns were identified through visual observations with the assistance
of high-speed imaging. Slug formation and the required conditions for transition
from stratified to slug flow were reported. The void fraction data was used to
estimate slug flow characteristics such as slug frequency, slug velocity and gas
holdup in liquid slug. The experimental results were used to evaluate the
performance of several slug flow correlations; the predictions of those correlations

before and after the bend were compared.

6.1 Onset of Hydrodynamic slugging

Hydrodynamic slugging is generated by a growing disturbance of a stratified

liquid layer. As the gas flows over a smooth liquid layer at a sufficiently high
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velocity, a low pressure zone is generated at any upward perturbation of the
interface due to Bernoulli effect. This tends to initiate a suction force that
overcomes the stabilising effect of gravity, consequently a wave is formed which
can then grow to bridge the pipe and forms a slug. This is widely known as

Kelvin-Helmholtz instability, (Taitel and Dukler, 1976).

In this work, hydrodynamic slugging was observed over a range of gas and liquid
superficial velocities of 0.36 m.s® to 3.21 m.s? and 0.15 m.s? to 0.53 m.s?
respectively. Disturbance waves and roll waves as described by Hanratty and
Hershman (1961) were also observed. Figure 6-1 shows the observed liquid

structures.

(@) Ugs=0.55m/s, Uis=0.45m/s (b) Ugs=3.21 m/s, Uis=0.45 m/s

(e) Ugs=2.99 m/s, Uis=0.15 m/s

Figure 6-1: Slug flow and disturbance waves observed during the experiments.

It was observed that as the air superficial velocity rate increases from 0.55 m.s™* to
3.21 m.st at constant liquid flow, the gas holdup in the liquid slug increases
(Figure 6-1 a and b). At high gas flow rate and low liquid flow rate a short and

foamy slugs were observed similar to the undeveloped slugs described by (Nydal
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et al., 1992) (Figure 6-1 c). At similar flow conditions, more waves are observed
between successive slugs; including large disturbance waves, and roll waves

(Figure 6-1 d and e).

6.1.1 Visual observations

For all liquid flows, as the gas superficial velocity increases, the flow in the
horizontal pipe changes from smooth stratified to wavy stratified and then to slug
flow. Waves were observed between slugs. The location at which slug flow was
initiated ranged from around 5 m (74D) to 4 m (60D) as the liquid superficial
velocity increases for a constant gas superficial velocity.Lin and Hanratty (1987b)
and Woods and Hanratty (1999) reported that slugs generate closer to the inlet(<
40D) as the liquid superficial velocity increases, for air-water flow in a 76mm ID
pipe. They suggested that at high liquid flow slug formation is influenced by the
large waves formed near the entry. Lin and Hanratty (1987b) reported that slug
forms near the inlet when the liquid level at upstream part of the pipe is higher
than that required for the onset of slugging. In this work, the flow after the bend
maintained stratified configuration up to L/D > 55, hence the formation of slugs

are not expected to be influenced by the inlet conditions.

Slug flow was found to originate directly from long wavelength waves as
suggested by Kelvin-Helmholtz instability for low liquid superficial velocity (0.15
m.s™) and gas superficial velocity below 2.29 m.s™. Figure 6-2 illustrates the slug
formation mechanism at gas superficial velocity of 1.37 m.s? and liquid
superficial velocity of 0.15 m.s™t. Eight consecutive frames are presented with a

time interval of 1/60 s where 20 cm of the pipe length is captured. It is worth
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mentioning that, the original videos were recorded at time resolution of 2000

frame per second, and then appropriate frames were extracted.

Frames (a) to (d) in Figure 6-2 show how the wave grows in height as it flows
from left to right, due to the suction force generated by the pressure variation at
the interface. The velocity of the wave increases suddenly during this process.
Frame (e) captures the moment at which the wave blocks the pipe cross-section
and starts rolling as in frame (f). The entire process occurs rapidly and takes less

than a second for the wave to propagate and form a slug.
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Figure 6-2: Photographs illustrating the onset of a slug at; Ujs= 0.15 m.s?, Ug = 1.37
m.s 1. The direction of the flow from left to right.

Once the wave bridges the cross-section, the liquid layer upstream decreases as in
frame (g and h). Further downstream, the originated slug grows in length as more
liquid scooped in from the slower downstream liquid layer. This slug mechanism
is similar to that reported by Woods and Hanratty (1999) for Froude number

below unity. Conversely, Fan et al. (1993) for air-water system of 95 mm ID |,
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reported that at gas superficial velocity < 3 m.s?, slug flow forms from short
wavelength waves, that double in length as the flow moves downstream, instead
of growing directly from long wavelength waves. This could be due to the
difference in the nature of the fluids and the size of the pipe used in both
experiments. It is reported that the diameter of the pipe influences the critical gas
velocity required for slug formation (Lin and Hanratty, 1986; Lin and Hanratty,

1987a).

Another noteworthy observation is reported in Figure 6-3. The figure shows the
effect of the generated slugs on the downstream waves. Eight frames are extracted
sequentially at a time interval of around 1/100 s, from a high seeped video that
captures the flow in a pipe length of around 20 cm. Frames (a and b) illustrate the
growth of the wave as it moves downstream from left to right. The wave suddenly
jumps to block the pipe, immediately after the initiation of unseen slug from the
left side of the frames. Frames (c and d) show the growing wave and the foamy
front of the upstream slug. Shortly afterwards the downstream slug propagates
further forming a longer liquid bridge while the upstream slug comes to

appearance as in (e and f).

It is noticeable that an aerated region is trapped between the upstream slug and the
newly formed slug downstream. As the flow propagates downstream, the two
slugs are expected to merge. This observation suggests that the formation of slug
may influence the wave growth upstream. This is mainly due to a sudden decrease
in pressure and consequently an increase in the suction force in the region

downstream of the slug.
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Figure 6-3: Photographs illustrating the onset of a slug at; Ujs= 0.45 m.s?, Ug = 1.37
m.sL. The direction of the flow from left to right.

At high gas superficial velocities (> 2.29 m.s), the slug formation mechanism
seems to be similar to that reported by (Lin and Hanratty, 1987b; Andritsos et al.,
1989; Fan et al., 1993). The Kelvin—-Helmholtz waves are generated over the
interface. These waves travel at different velocity and seem to overtake each other
and rapidly evolve to form a slug. The 2D gravity waves evolve to a roll wave that
is combined with a thinner liquid layer. Therefore, slugs cannot from directly
from the growth of the roll wave and the coalescence of consecutive waves is
required to supply enough liquid to bridge the pipe (Lin and Hanratty, 1987b).
The slugs generated with this mechanism are very fast and highly aerated. It was
not easy to capture the whole process due to the high speed of the flow and the

limited focal length of the lens, we have at our disposal.

6.1.2 Necessary conditions for slug initiation

The wavy stratified region where the slugs are first formed was estimated using

the void fraction matrices from the WMS as explained in Chapter 3. Figure6-4
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illustrates the liquid height measurements at liquid superficial velocity of 0.53
m.s and four gas superficial velocities of 0.36, 0.91, 1.83 and 2.75 m.s. The
liquid height during the presence of slugs at the measuring sensor is lower than
one, due to the gas holdup within the liquid slug. The figure indicates the
reduction of liquid layer with the increase of gas superficial velocity from h/D =
0.6 to h/D = 0.3 for Figure6-4 (a) and Figure6-4 (d) respectively. The interface
between slugs is smooth at low gas flow rate and becomes wavy as the gas flow
increases. The number of slugs decreases with the increase of gas flow, more
waves are observed at high gas flow as can be observed in Figure6-4 (d). These
measurements were made at 69D from the vertical bend, slightly downstream the
location at which slugs are initiated, therefore the axial development measurement

is required to evaluate the change of liquid height along the pipe.
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Figure6-4: Liquid height measurements at L/D = 69 and Uis=0.53 m.s: (a) Ugs =
0.36 m.s,(b) Ugs=0.91 m.s?, () Ugs=1.83 m.s%, (d) Ugs=2.75 m.sL.

188



Chapter 6: Experimental characterisation of air-silicone oil slug flow
through a horizontal 90° bend

Figure 6-5 shows the liquid level measurements at three different locations for gas
superficial velocity of 1.37 m.s* and liquid superficial velocity of 0.53 m.s®. At
L/D = 69, the liquid holdup measurements show highly disturbed interface with
several waves in-between of slugs. The number of slugs decreases along the
pipeline at L/D = 98 and L/D = 128. The disturbance of the interface between
successive slugs decreases along the axial direction. This difference can be seen
between axial locations of L/D = 69 and L/D = 128. The slug at L/D =128 is fully
developed and the wavy interface is partially absorbed by survived slugs along the
axial direction. It is evident that the liquid level notably drops behind passing

slugs.
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Figure 6-5: Liquid height at three different locations from the vertical 90° bend; Ugs
=1.37ms?, Us=0.53m.s™

It is known that slugs decay if the shedding rate of liquid at the back is higher than
the pickup rate at the front of the slug. The height of the interface of the stratified

flow and the liquid layer behind the slugs is a critical parameter in evaluating the
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necessary conditions of slug formation and the development of stable slugs.
Figure 6-6 shows the change in the liquid height required to initiate slugs. The
average liquid height was identified from the time series of liquid holdup
measured at L/D = 69. It is obvious that the liquid height decreases with the
increase of gas superficial velocity up to 1.83 m.s? and then remains almost
constant at around 0.4. The liquid superficial velocity has no pronounced effects
of the liquid level, although, the liquid level slightly increases with a noticeable
increase of liquid flow. The difference in liquid height at low and high gas
superficial velocities suggests that slugs are formed by different mechanism as
explained earlier. At gas superficial velocity above 2 m.s?, the interface is
shallow and aerated. The amount of available liquid is not sufficient for the waves
to grow and from slugs. Therefore, the required liquid for transition comes

alternatively from coalescence of consecutive waves.
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Figure 6-6: The variation of liquid height with the increase of gas superficial velocity
at L/D=69.
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6.2 Axial flow development

The effect of the horizontal bend on the axial flow development was investigated
through measuring the cross-sectional averaged void fraction at several locations
before and after the bend. The ECT was located at 5D upstream of the bend while
the WMS was relocated at 10D, 40D, 69D and 75D downstream of the bend. The
void fraction measurements from both instruments were used to evaluate the flow

evolution around the bend.

Slug flow was observed at liquid superficial velocities of 0.15 to 0.53 m.s* and
gas superficial velocities between 0.36 and 3.21 m.s’. At low gas superficial
velocities plug and stratified flows were observed. The PDF plots of the cross-
sectional void fraction distribution were used to compare the flow behaviour at the
different locations with the aid of visual observations and the WMS images as
illustrated in Figure 6-7 to Figure 6-10. The blue colour represents liquid phase

while the red colour corresponds to the gas phase in the WMS images.

B cas [ Liquid

Figure 6-7: Tomographic images from positions along the horizontal pipe system.
Liquid superficial velocity = 0.53 m s and gas superficial velocity = 0.55 m s%.

At a low range of gas superficial velocities, slug flow was easily recognised. It is
characterised by a slow moving liquid slugs with small gas hold up as shown in

Figure 6-7. There was no significant change in the behaviour of the slug body as it
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passes through the bend. The PDF plots in Figure 6-8 exhibit similar PDF
signature that is associated with conventional slug pattern. More than one slug
unit was observed in the pipeline at the same time. Slugs are more likely to grow

faster in length along the pipeline at these conditions.

69D 75D
| |
| |
Location
— 40D
N 69D
o 75D

D R g

0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 08
Void Fraction Void Fraction

Figure 6-8: Probability Density Function of void fraction time series from positions
along the horizontal pipe system. Liquid superficial velocity = 0.53 m s and gas
superficial velocity = 0.55 m s,

At high gas superficial velocities, the formed slugs are highly aerated and travel at
high velocity almost equal to the velocity of the gas behind the slugs. Figure 6-9
presents WMS images of the cross-section distribution between phases. Slug
originated at high gas flow are hardly distinguished from disturbance waves,
particularly in term of PDF plots as can be seen in Figure 6-10. In most cases,
only one slug is observed in the pipeline at the time and rarely two slugs may
occur sequentially. In contrast, waves become more frequent between slugs, those
waves are more likely to break before developing into slugs. The space between
consecutive slugs is longer than that of slugs formed at low gas flow rate. As a
slug passes, the liquid layer upstream reaches its lowest level. Thus, it takes more

time for the liquid height to build up to the required level for slug generation. In
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the meantime, the formed waves may contribute to increase the liquid height

through coalescence.

B cas [ Liquid

Figure 6-9: Tomographic images from positions along the horizontal pipe system.
Liquid superficial velocity = 0.53 m s and gas superficial velocity = 3.21 m s%.
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Figure 6-10: Probability Density Function of void fraction time series from positions
along the horizontal pipe system. Liquid superficial velocity = 0.53 m s and gas
superficial velocity = 3.21 m s,

Slugs occasionally dissipate before they leave the pipe system. This is mainly
caused by the amount of liquid available being lower than that required for stable
slugs. Gas superficial velocity is a critical parameter that alters the liquid level at
constant liquid flow. The effect of the horizontal bend on the slug formation or
breakup is not highly pronounced. Some slugs break up shortly downstream of the
bend, while new slugs may be created after the bend. However, this is an irregular

process.
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6.3 Slug frequency

The frequency of slugs is a critical challenge for the design and operation of
downstream facilities in the oil and gas industries. The unstable nature of slug
flow is directly characterised by the frequency of liquid slugs or interchangeably

its length.

In these experiments, the slug frequency at upstream and downstream of a
horizontal bend is estimated in order to evaluate the influence of the bend on the
behaviour of liquid slugs at different gas and liquid superficial velocities. The
frequency was obtained from the time series of the cross-sectional averaged void

fraction using the methods described in Chapter 3.

Figure 6-11 illustrates the change in slug frequency along the pipeline at different
gas superficial velocities; the dashed line corresponds to the bend location. The
frequency at three locations upstream and four locations downstream of the bend
are presented. The clear trend is that frequency of the slug decreases along the

axial distance for the upstream positions.

Beyond the bend the frequency seems to be independent of the axial position,
particularly at high gas flow, although, at further downstream of the bend the
frequency is almost equal to the frequency before the bend. The frequency of
slugs also decreases with the increase of gas superficial velocity, however, at high

gas flow rate the effect is less obvious and inconsistent.

Slugs are formed at just before the measurement station 69D downstream of the

inlet to the horizontal pipe (after the vertical bend), at this positions slugs are not

194



Chapter 6: Experimental characterisation of air-silicone oil slug flow
through a horizontal 90° bend

fully developed. Therefore some of the generated slugs are dissipated along the
pipeline upstream of the bend. Slugs that pass through the bend usually persist to
the exit of the system. Though it is not always the case, weak slugs vanish shortly
after the bend. This is mainly due to the momentum transfer and the energy
dissipation at the bend. This effect seems random and insignificant except at high
gas flow. Generally, the frequency at before and further downstream of the bend is

almost invariant.
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Figure 6-11: Frequency variation against the gas superficial velocity along the pipe
system. Liquid superficial velocity=0.45 m s.

At gas superficial velocity of 3.21 m.s?, the frequency downstream of the bend
appears more arbitrary. The high gas flow is associated with low liquid layer and
more waves; subsequently the formation mechanism of slugs is rather
complicated. The shallow liquid layer is not sufficient to initiate slugs, although,
waves may coalesce before or rarely after the bend and form highly aerated and

mostly unstable slugs.
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At the horizontal bend the slug frequency experienced a minor change as shown
in Figure 6-12. The frequency tends to decrease and then remain constant as the
gas superficial velocity increases. An increase in liquid flow rate has a noticeable
effect on slug formation, the number of slugs increases with increase of liquid
flow rate at constant gas superficial velocity. The frequency decreases slightly
after the bend. This small reduction in the frequency after the horizontal bend is a
direct consequence of the dissipation of some slugs after the bend, along the
pipeline. Occasionally, few developing slugs are destroyed at the bend, due to the
direct impact with the outer wall of the bend. It is undoubtedly that the bend
enhances the dissipation of the slugs due to momentum transfer and phase
separation although, as Figure 6-11 suggested, the change in the axial position of

the measurements might be another reason to consider.
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Figure 6-12: Frequency variation at 5D upstream of the bend (a) and 69D
downstream of the bend (b).
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A precise estimation of the frequency of slugs is highly necessary in most of the
industrial processes, in order to avoid oversizing of the downstream equipment.
Several empirical correlations and two-phase flow models are developed to
predict the frequency of slugs, (Gregory and Scott, 1969; Taitel and Dukler, 1977;

Zabaras, 2000), none of which has been shown to apply for all flow conditions.

The accuracy of the available correlation was tested, using the measurements
obtained at 5D upstream and 69 downstream of the bend. The performance of
Gregory and Scott (1969), Nydal (1991), Zabaras (2000) and Fossa et al. (2003)
correlations is presented in Figure 6-13. Most of these correlations are developed

from air-water data obtained at various pipe diameters.
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Figure 6-13: Prediction of slug frequency at 5D upstream and 69D downstream of
the bend.

The results show a slight difference in the estimated frequency at upstream and
downstream of the bend. In general, none of the tested correlations has illustrated

a perfect agreement with the experimental results neither before nor after the
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bend. However, Fossa et al. (2003) seems to correlate the frequency of slugs with
an acceptable uncertainty. Table 6-1 summaries the uncertainty associated with

each correlation at upstream and downstream of the bend.

Table 6-1: Statistical results of the slug frequency correlations (top values are for
upstream and bottom values are for downstream)

; . Statistical measures
Source; Correlation P'pf ((IjD)’
Fluids APE AAPE SD
Fossa etfal. (2003) 40mm’
St=""= . 794 1507 3.15
_ 2
ugs 1 1.711lXL+O.70(XL) air/ 1399 1534 299
_ Is water
L Urs + u,gs
(Gregory and Scott, 1969) 19mm
fs=0.0226[E(19'75+um)] cadon | 104 3412 7.08
gd\ up 2003 4093 8.85
water
(Zabaras, 2000)
Uy /212.6 1.2 25
f, = 0.0226[—Sl< +um)] [0.836 1081mmn31 1727 3241 592
gd\ up - 0.35 3544 7.40
+ 2.75sin(0)] air/water
Nydal (1991
el (195 (e + 1.5)? WM. | 6871 69.28 813
-— S )
f, = 0.088—g 5 sirwater 103 1039 854

Table 6-1 shows that the correlation of Nydal (1991) poorly overpredicts the
experimental frequency at before and after the bend. All other correlations showed
higher average percentage error after the bend. This could be related to the
increase in the rate of slug dissipation downstream of the bend, in addition to the

immediate destruction of few slugs at the bend.

It was noticed that the frequency is well correlated in term of Strouhal number as

suggested first by (Nedderman and Shearer, 1963). Therefore the experimental
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frequency at 69D downstream of the bend was presented in term of the
dimensionless Strouhal number against liquid volume fraction as reported by
Fossa et al. (2003). The parameters associated with the equation of Fossa et al.
were slightly adjusted to fit the current results as in eq.(6.1):

o 5D _ 0.04X, (6.1)
Uy 1— 15X +0.4(X,)?

Figure 6-14 shows a satisfactory agreement between the experimental results and
the correlation of Fossa et al. and eq.(6.1), similar findings are reported by (Wang

et al., 2007; Abdulkadir et al., 2016).
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Figure 6-14: Experimental slug frequency at 69D downstream of a horizontal bend
is correlated in term of Strouhal number.

The frequency of slugs has been commonly correlated in term of pipe diameter
and liquid superficial velocity, where a neglected change with axial position is
suggested. This work, in accordance with to (Fossa et al., 2003; Wang et al., 2007,
Abdulkadir et al., 2016), indicates the frequency seems to be better correlated in

term of Strouhal number as a function of liquid volume fraction. However, this
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approach needs to be tested against a wide range of experimental data before a

final conclusion can be reached.

It seems that the horizontal bend has a slight influence on the slug frequency in
comparison to that of the vertical bend which was reported in the previous
chapter. The destruction of low momentum slugs at the bend is the main cause of
reduction in frequency at downstream of the bend. The effect of the bend was also

evident in the performance of the available frequency correlations.

6.4 Slug bubble velocity

Slug bubble velocity was determined by cross correlating the void fraction time
series obtained from the twin-plane ECT sensor. The mean velocity is equal to the
distance between the two measuring planes divided by the time delay estimated
from the cross-correlation. The ECT was located at 5D upstream of the bend and
at 69D downstream of the bend respectively. Repeatable experiments are

achievable as discussed in Chapter 3.

The variation of slug bubble velocity with the increase of gas superficial velocity
is illustrated in Figure 6-15. The plot shows an expected increase in velocity with
the increase of the gas and liquid superficial velocities. Slug bubble velocity
encountered a slight increase after the horizontal bend at the low gas superficial
velocity, below 1.5 m s. This is due to the gas expansion that is caused by the
pressure drop after the bend. At high gas superficial velocity, the pressure drop
increases across the bend and hence, the velocity of slug bubble notably increases.
It is acknowledged that liquid slugs move at velocity equal to the gas velocity

upstream while waves and undeveloped slugs travel at velocity almost 30% lower

200



Chapter 6: Experimental characterisation of air-silicone oil slug flow
through a horizontal 90° bend

than the velocity of gas flow (Andritsos et al., 1989). The destruction of some
slugs and dissipation of waves at the bend could increase the averaged velocity of

slug bubbles predicted experimentally.
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Figure 6-15: Slug bubble velocity variation at 5D upstream of the bend (a) and 69D
downstream of the bend (b).

Nicklin et al. (1962) correlation is commonly accepted as the best theoretical

estimate of the transitional velocity of slug bubble in continuous slug flow.

Ugrg = CoUp + Uy (6.2)
Where, U, is the drift velocity, U,, is the mixture velocity and C, is the
distribution parameter. The value of C, is equal to the relative maximum velocity
at the nose of the bubble to the mixture velocity(U,,4./Uy,). The value of this
parameter varies from 1.2 for fully developed turbulent flow to 2 for laminar flow

(Nicklin et al., 1962). The drift velocity is a function of the buoyancy force and
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thus, it mainly depends on the inclination angle of the pipe and gas superficial

velocity, as it was experimentally shown by (Bendiksen, 1984).

For a horizontal flow a none zero drift velocity is usually considered (Mattar and
Gregory, 1974; Nicholson et al., 1978; Weber, 1981), although, several works
suggested a negligible drift velocity due to the absence of bouncy in the horizontal
configuration (Dukler and Hubbard, 1975; Gregory and Scott, 1969). The drift
velocity in horizontal pipe is usually presented as the propagation velocity of an
air bubble created by a drained liquid from a horizontal pipe closed at one end
(Zukoski, 1966). The widely accepted equation for drift velocity in horizontal

pipes is:

(6.3)

Uy = 0.54,/gD

The drift velocity of the experimental data is estimated by extrapolating the fitted
line of the experimental values to a zero mixture velocity as illustrated in
Figure 6-16. The whole range of the measured velocity is fitted with a black

dotted line. The intercept represents the drift velocity which was 1.1 and 0.95 for
upstream and downstream and can be represented as 1.4,/gD and 1.16,/gD

respectively. These values are dramatically higher than the reported value for a
single bubble in stagnant liquid. This is mainly due to the contribution of small
bubbles in the aerated slugs to the velocity of slug bubble, during coalescence

(Nydal et al., 1992; Van Hout et al., 2002a).

The drift velocity becomes negligible beyond a Froude number value of 3.5 as

reported by (Bendiksen, 1984). Therefore, the drift velocity was estimated using
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the experimental values at Froude number below 3.5. The results are represented
by the red dotted line as in Figure 6-16. The drift velocity with the imposed
conditions was greatly improved to 0.7\/g_D and 0.68\/g_D for upstream and
downstream of the bend respectively, however, it is still greater than the
theoretical value in eq.(6.3). This is more likely due to the influence of the
coalescence with small bubbles from the aerated front and back of slugs which

boost the transitional velocity.
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Figure 6-16: Regression analysis on the measured slug bubble velocity at 5D
upstream and 69D downstream of the horizontal bend.

The distribution parameter for the horizontal flow reportedly varies from 1.05 to
1.35 (Bendiksen, 1984; Gregory and Scott, 1969). In this work, C, = 1.35 was
used, since it provides the best estimation. Gregory and Scott (1969) and Nicklin
et al. (1962) correlations were used for a zero and none zero drift velocity

respectively:

UgTB == 135Um (64)
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(6.5)
UgTB = 135Um + 054‘1/gD

The results for 5D upstream and 69D downstream of the bend are illustrated in
Figure 6-17. Similar findings to that discussed in Chapter 5 are obtained, for both
upstream and downstream of the bend. Nicklin’s correlation demonstrated a better
prediction of the transitional velocity of slug bubble, especially at a low Froude
number. As the Froude number increases beyond 3.5 the predicted values start to
deviate from the measured values. The Gregory and Scott (1969) correlation
clearly underestimates the measured values at low gas and liquid velocities while
the prediction improves at high mixture velocities. These results are in agreement
with the critical Froude number of 3.5 reported by (Bendiksen, 1984). Thus, it
could be said that drift velocity should be only considered at low mixture velocity

since it approaches zero at high velocities.

5 : 5
Upst (o) o 8
o~ 4 Upstream o° o . 4L Downstream o°
E 0&9 0
2 03
g 3 - 4 3 L
) %
(5]
; 2 ¢ 2 ¢ &
= 4 P
g ¢ §
a1 1k 1
¢ Gregory and Scott (1969) ¢ Gregory and Scott (1969)
. O  Nicklin (1962) . O Nicklin (1962)
0 1 2 3 4 5 0 1 2 3 4 5
Measured velocity (m/s) Measured velocity (m/s)

Figure 6-17: Theoretical prediction of the experimental slug bubble velocity at 5D
upstream and 69D downstream of the horizontal bend.
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The bend seems to have a minor influence on the prediction of both correlations.
The performance of Nicklin’s correlation was slightly improved from average
absolute percentage error of 11.14% before the bend to 6.79% after the bend with
standard deviation of 2.5 and 1.63 respectively. Gregory and Scott (1969) showed
almost similar accuracy with an average absolute error of 15% for both upstream

and downstream of the bend with standard deviation below 3.5.

It seems that the bend influence the drift velocity of the slug bubble. This could be
due to the dissipation of some undeveloped and highly aerated slugs at the bend.

The gas expansion after the bend is another reason to consider.

In general, the change in slug bubble velocity after the horizontal bend is
dramatically smaller than the change at the vertical bend. This is mainly due to the

negligible effect of gravity force on the horizontal to horizontal configuration.

6.5 Slug length

Slug length is estimated from the measured residence time of each slug at the
sensor and its transitional velocity as detailed in Chapter 3. A uniform velocity

profile was assumed along the test section.

The variation of slug length along the axial direction of the flow from upstream to
downstream of the bend at different gas superficial velocities is illustrated in
Figure 6-18. Slugs at upstream of the horizontal bend are considered to be
developed as discussed in Chapter 5. The averaged slug length experienced an

insignificant change after the horizontal bend. Although, a small decrease in

205



Chapter 6: Experimental characterisation of air-silicone oil slug flow
through a horizontal 90° bend

length is observed at immediately upstream, the slug length at further downstream

is almost equal to that upstream of the bend.

30 F L L 5 L L 5 5 L 5 5 5 5 5 5 LE 5 5 5 T T 5 T T 5
__25¢ ¢ M.
S) * P e %

c i v
5, 20 v ¢ -
s v *
> 15+ V‘ S A
@ ; @
S 10F o ° ]
g ® :
- 5. Gas superficial velocity(m/s) i |
® (036 Vv 091 & 1383
0 ol r r r r r r r r r r r r r r F: r r r r r r r r r
50 100 150 200 250 300

Axial distance(pipe diameters)

Figure 6-18: The axial development of the mean liquid slug length around the
horizontal bend, liquid superficial velocity = 0.45 m.s.

The slug velocity is considered constant throughout the test section and it was
measured only at 5D upstream and 69D downstream of the bend. Therefore, the
change in the slug velocity along the pipe downstream of the bend is highly
suspected to be the main cause of the reduction in the length of slug. The
acceleration is expected to be higher immediately after the bend than at 69D
downstream of the bend since slugs are expected to decelerate further
downstream, due to the wall resistance and gravity force. Thus the measured slug
length shortly after the bend is expected to be slightly lower than the actual slug

length.

The slug length increases as the gas superficial velocity increases, similar

observations are reported by (Ferré, 1979; Wang et al., 2006; Losi et al., 2016). At
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high gas superficial velocity, the change in slug length seems insignificant. The
liquid superficial velocity showed an intangible effect on the slug length, as

suggested by (Woods et al., 2006; Nydal et al., 1992).

The averaged slug length at after and before the bend varies from 12D to 30D as
shown in Figure 6-19. This is similar to the range of stable slug length that is
reported in literature (Dukler and Hubbard, 1975; Nicholson et al., 1978; Barnea

and Brauner, 1985; Andreussi and Bendiksen, 1989; Nydal et al., 1992).
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Figure 6-19: Slug length variation at 5D upstream of the horizontal bend (a) and
69D downstream of the horizontal bend (b).

The horizontal bend appears to have a minor effect on the length of slugs passing
from upstream to downstream. A slight increase in the average length at 69D
upstream is reported. The increase in length after the bend might be related to the

destruction of some slugs after the bend which enhances the rate of liquid pickup
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and hence growth of the trailing slugs. This agrees with the long-term growth
mechanism reported by Scott et al. (1989) for experimental data obtained from

sufficiently long pipes of Prudhoe Bay field.

The inconsistency in the trend of the Figure 6-19 is manly related to the
intermittent behaviour of liquid slugs as mentioned in chapter 4. It is worth
mentioning that discrimination between slugs and disturbance waves becomes
harder at high gas flow rate. The body of the slug resembles a foamy structure
where the PDF plots signatures of slugs and waves are similar in shape.
Therefore, a higher uncertainty is expected at these flow conditions. In addition,
the variation of the propagation velocity of slugs downstream of the bend can

possibly contribute to the uncertainty of the length estimation.

6.6 Void fraction in liquid slug

The void fraction in liquid slug is used interchangeably to describe the liquid
holdup within the body of liquid slugs. It is regularly needed to solve the available
slug flow models such as the one suggested by Dukler and Hubbard (1975). The
gas is entrained into the liquid slug essentially due to the turbulence caused by the
jet effect at the front of the slug. This is essentially caused by the high relative

velocity of slugs with respect to the slower downstream liquid layer.

The effect of gas and liquid superficial velocities on the void fraction within
liquid slugs is demonstrated in Figure 6-20 and Figure 6-21. The measurements
were taken at three positions upstream and four positions downstream of the
horizontal bend. Figure 6-20 illustrates that the gas holdup remains almost

constant along the pipeline for all gas superficial velocities. At 0.36 m.s gas
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superficial velocity, the void fraction decreases slightly with axial position
upstream of the bend. At low gas flow, the slug moves slowly and has very low
gas holdup, thus the entrained bubbles are expected to migrate to the top of the

pipe and then escape at the back of the slug.
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Figure 6-20: Axial development of the void fraction in liquid slug around the
horizontal bend. Liquid superficial velocity = 0.45 m.s™.

As the gas flow increases, the length of the mixing region at the front of the slug
increases and the liquid slug becomes highly aerated. The void fraction is
expected to increase after the bend due to gas expansion, though; it was only the
case at low gas flow rate. In fact, in some cases of high gas flow, the void fraction
was slightly higher at upstream of the bend than that of downstream. This is
possibly due the random nature of the frequency of slugs after the bend, since few

liquid slugs may not persist to the exit of the pipe.

The effect of liquid superficial velocity along the pipeline is illustrated in

Figure 6-21. The gas holdup within the liquid slugs seems constant along the axial
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positions around the bend. The void fraction within the slugs decreases with the

increase of liquid flow rate.
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Figure 6-21: Axial development of the void fraction in liquid slug around the
horizontal bend. Gas superficial velocity = 1.83 m.s™.

The effect of the bend on the void fraction within the body of liquid slug was to
some extent negligible. The void values at 5D upstream and 69D downstream of
the bend was plotted to evaluate the difference as shown in Figure 6-22. It was not
possible to plot both cases in one figure since most of the values were
overlapping. It is evident that the gas superficial velocity enhances the gas holdup
in liquid slugs, this is clearly due to the increase of the slug velocity and hence the
turbulence generated at the front of the slug. On the other hand, the increase of the
liquid superficial velocity raises the liquid holdup of the slugs. This effect is more

tangible at low gas superficial velocities.

The bend has minimal effect on the void fraction. At low gas flow rate (Ugs < 0.55

m.s 1), the gas holdup slightly increases after the bend which is mainly due to the
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gas expansion associated with energy dissipation and pressure drop at the bend.

This observation is in agreement with Silva et al. (1999) for 41 mm ID elbow.
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Figure 6-22: Void fraction in liquid slug variation at 5D upstream (a) and 69D
downstream (b) of the horizontal bend.

At high gas flow, the undeveloped slug and waves become more frequent at
upstream of the bend. The bend has a negligible effect at these conditions. In
some cases, the gas holdup in liquid slugs was higher at upstream than that of
downstream of the bend. This can be principally due to the dissipation of some
slugs and waves at the bend. The undeveloped slugs are more likely to dissipate
than the developed slugs, thus the averaged void fraction in liquid slug is expected

to decreases after the bend.

The accurate estimation of the liquid holdup, during the conditions of slugging, is
critically essential for the sizing and operation of two-phase separators. Several

correlations were proposed to predict the void fraction in liquid slug at different
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flow conditions. Some of those correlations were used to predict the experimental
void fraction of slugs in this work and their performance, around the bend, was
evaluate. Figure 6-23 illustrates the performance of the employed correlations at

5D upstream and 69D upstream of the bend.
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Figure 6-23: Predicted void fraction in liquid slug at 5D upstream and 69D
downstream of the horizontal bend, using the available correlations.

None of the applied correlations has shown a close agreement with the
experimental results. All correlations have poorly estimated the gas holdup within
the liquid slug at upstream and downstream of the bend. The statistical analysis
employed to evaluate the performance of the correlation is summarised in
Table 6-2. It can be seen from the table that there is no significant change in the

relative accuracy of all correlations at before and after the bend.

The reliability of these correlations has been discussed in details in Chapter 5,
therefore in this chapter; the comparison between upstream and downstream of

the bend is of primary interest. The horizontal bend showed a minor effect on the
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gas holdup of liquid slugs. The effect was random and the void fraction was
higher at downstream of the bend only at low gas flow rate. The accuracy of the
correlations is visibly poor, due to the inherent limitations discussed in Chapter 5.
The perdition of the correlation of Malnes (1983) was slightly improved after the
bend, this possibly due to the reduction in void fraction after the bend at high gas

flow rate as explained earlier.

Table 6-2: Statistical results of the estimated void fraction in liquid slugs (top values
are for upstream and bottom values are for downstream)

Pipe (ID); Statistical measures

Source; Correlation luid
Fluids APE AAPE SD

Gregory et al. (1978)

1 52%3%2% 7267 7267 0.99
g5 = —— i irfightoil | 068 6986 0.93
1+ (g%)
Marcano et al. (1998) 77.9 mm
S 1 air/ -65.86 65.86 0.99
gsl — (1.001 + 0.0179u,, + 0.0011u2)) kerosene | -62.13 62.13 0.98
Malnes (1983)
-1 Uy UMM | 6028 6028 0.7
g 0.25 . _
[83 (Be) "+ um] airflight oil | 2>%4 5554 111
1
Andreussi and Bendiksen (1989)
_Frp —Fy
eSL T B _F,
) . DM | 9402 9402 386
— —-m — 70 -
Frm = 75 Fo = 2.6 (1 2 D2> Airfwater | 9290 959 462

sin®
F, = 2400 (1 — T) Bo™075

In general, the effect of momentum transfer and phase separation on the void
fraction of liquid slugs at the horizontal bend was clearly lower than that of the
vertical bend. The acceleration of the slugs after the bend has not sharply

influenced the entrainment of the gas into liquid slugs.
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6.7 Summary

A detailed study of slug flow evolution around a horizontal to horizontal 90° bend
and downstream was conducted in an open system of 69 mm ID pipes. The axial
development of slugs was investigated, in the horizontal sections before and after
the bend, using WMS and ECT. The ECT was kept at 5D upstream while the
WMS was moved at four positions after the bend. The velocity of the slugs was
measured using the ECT at 5D upstream and 69D downstream of the bend. The
slug flow was studied at gas and liquid superficial velocities of 0.36 to 3.21 m.s*!
and 0.15 to 0.53 m.s™ respectively. The void fraction data was obtained at three
locations upstream and four locations downstream of the bend. The time series of
the cross-sectional averaged void fraction from both devices was used to
characterise the behaviour of slugs around the bend. The main slug features were
experimentally estimated including; the slug length and frequency, slug bubble
velocity and gas holdup in liquid slug. The experimental results were compared
with theoretically estimated values using the available slug flow correlations. A
high-speed camera was used to observe the formation and the behaviour of slug
flow. The main observations of these experiments are concluded in the following

points:

e Slug flow upstream of the bend is mainly generated due to growing waves;
as described by the Kelvin-Helmholtz instability. At high gas superficial
velocities (> 2.29 m.s™), the liquid layer becomes thinner than the required
height to initiate slugs. At these conditions, slugs were evolved from the

coalescence of roll waves travelling at different velocities.
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e Waves are more frequent at high gas superficial velocity. Slugs formed at
high gas flow rates are highly aerated and can be hardly discriminated
from disturbance waves.

e Slugs formed at a location closer to the inlet as liquid flow increases at
constant gas flow. The formation of slug can influence the growth of
upstream waves, due to the sudden change in pressure.

e The necessary liquid height for slug initiation decreases with the increases
of gas superficial velocity. It remains constant beyond gas superficial
velocity of 2 m.s™. The interface is disturbed at high gas flow and more
waves are observed between consecutive slugs.

e At low gas flow, slug flow has a distinctive PDF signature with two peaks
one at low void fraction and the other at high void fraction. At high gas
flow, the PDF plot of slugs is almost similar in shape to that of disturbance
waves.

e The horizontal bend, unlike the vertical bend, has a minor influence on the
frequency of liquid slugs. It was observed that the slight reduction in the
frequency after the horizontal bend is associated with the breakup of some
slugs shortly after the bend.

e The frequency of slugs is well correlated in term of Strouhal number as a
function of liquid volume fraction.

e The velocity of slug bubble increases with the increase of gas and liquid
superficial velocities. It also experiences a slight change when the two-
phase mixture passes through the bend. The slug bubble seems to

accelerate after the horizontal bend, possibly due to the gas expansion
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caused by the pressure drop at the bend. As the gas superficial velocity
increases the effect of the bend becomes more evident.

e The slug length was in the range of developed slug (12D to 30D). The
horizontal bend showed an insignificant effect on the length of liquid
slugs.

e The void fraction in liquid slug encountered an inconsiderable change
around the horizontal bend. The gas holdup is observed to slightly increase
after the bend, especially at low gas flows.

e The available correlations of slug flow endorse that the horizontal bend
has insignificant effect on the main features of slug flow. In addition, none
of the employed correlations has shown a good agreement with the
experimental results at after or before the bend.

e The horizontal 90° bends have inconsiderable effects on the behaviour of
slugs in comparison to the vertical bends. This is due to that the phase
separation and momentum transfer being higher at the vertical bends. The
horizontal bend has a minimum influence on the velocity and frequency of

the flow structure.
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Chapter 7

Conclusion and future wok

7.1 Conclusions

Gas-liquid flow experiments were conducted in an open system that consists of a
vertical riser, a vertical upward 90° bend and two horizontal sections with a 90°
bend in between. The air and 5 mPa.s silicone oil flow rates were varied from
0.045 m.s* to 3.21 m.s? and 0.15 m.s™ to 0.53 m.s* respectively. A Wire Mesh
Sensor (WMS) and Electrical Capacitance Tomography (ECT) were used to
provide cross-sectional averaged void fraction at several location along the test
sections. At the vertical section, both sensors were placed in series in order to
compare their performance and then moved at three axial locations (15D, 30D and
45D) downstream of the mixing section to study the flow development in the
riser. To investigate the flow evolution around the vertical upward and the
horizontal 90° bends, the ECT was kept immediately (5D) upstream while the
WMS was moved at six and four positions downstream of the bend respectively.
The dual plane ECT was used to obtain data for velocity measurements at after

and before both bends.

The probability density functions (PDF) of the averaged void fraction time series
were estimated in order to identify the corresponding flow patterns. Those PDF
signatures were justified by visual observations, using high speed imaging. The
frequency of the flow structure, mainly slugs, was estimated using the power

spectral density (PSD) and the technique developed for disturbance wave as
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reported by (Hazuku et al., 2008). The results from both methods were in a good
agreement with the manual counting of the major peaks in the time series signal of
the cross-sectional averaged void fraction. The structure velocity was obtained by
applying the cross-correlation function to the void fraction signal from the twin

plane ECT system.

Several flow parameters were estimated from the void fraction data of the WMS
and the ECT including cross-sectional averaged void fraction, bubble size
distribution, radial void fraction profiles, slug length, slug frequency, void fraction
in liquid slugs, and slug bubble velocity. The experimental results were then used

to validate the available slug flow correlations.

The main findings of this work are summarised in the following points.

e The ECT system and WMS tomography provide similar mean void
fraction data. The WMS offers detailed information about the flow
structure, while the ECT system obtains the structure velocity without
disturbing the flow. A combination of both can be a powerful measuring
tool.

e The wvertical 90° bends considerably alert the flow behaviour in
comparison to the horizontal bends. This is due to that the phase
separation and momentum transfer being higher at the vertical bends. The
flow downstream of the vertical bend was mainly stratified or wavy
stratified up to (~40D), for most of the flow conditions, while slug flow
was initiated at further downstream of the bend. At the horizontal bend the

flow was either stratified or slug.
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It can be said that the vertical bend has a significant influence of the flow
evolution downstream of the bend. It is apparent that the hydrodynamic
formation of slugs downstream of the vertical bend is completely
independent of the flow conditions upstream. The horizontal bend has a
minimum influence on the velocity and frequency of the flow structure.
Void fraction in liquid slug increases with the increase of gas superficial
velocity. The Void fraction was higher in the riser upstream of the vertical
upward bend in comparison to that of downstream of the bend. The void
fraction in liquid slug encountered an inconsiderable change around the
horizontal bend. The gas holdup is observed to slightly increase after the
bend, especially at low gas flows. This might be due to the gas expansion
downstream of the bend.
The velocity of liquid slugs increases with the increase of gas and liquid
superficial velocities. It experiences a slight change when the two phase
mixture passes through the bends, particularly at low gas superficial
velocity. After the vertical bend the structure velocity tends to decrease
slightly which could be due to the gravity effects in the horizontal section.
On the other hand liquid slugs seem to accelerate after the horizontal bend,
possibly due to the gas expansion caused by the pressure drop at the bend.
Structure frequency encountered a dramatic change after the vertical
bend. It was declined to almost one fifth of the frequency upstream of the
bend. The frequency of slugs decreases along the vertical and horizontal
pipes; this is due to the coalescence of slug units and the breakup of

liquids slugs in the vertical and horizontal section respectively. The
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horizontal bend, unlike the vertical bend, has a minor influence on the
frequency of liquid slugs. It was observed that the slight reduction in the
frequency after the horizontal bend is associated with the breakup of some
slugs due to the direct impact on the outer wall of the bend.

e The frequency of slugs in the horizontal pipes is well correlated in term of
Strouhal number as a function of liquid volume fraction.

e Silicone oil has higher gas holdup than water due to the lower surface
tension and relatively higher viscosity. The void fraction in liquid slugs in
these experiments was higher than that predicted by the maximum packing
theory.

e A non-zero drift velocity in horizontal pipes is justified only at low
mixture velocity. While at high mixture velocities zero drift velocity
should be implemented.

e Slug flow in the horizontal pipe sections is mainly generated due to
growing waves; as described by the Kelvin-Helmholtz instability. At high
gas superficial velocities (> 2.29 m.s™), the liquid layer becomes thinner
than the required height to initiate slugs. At these conditions, slugs were
evolved from the coalescence of roll waves travelling at different
velocities.

e The necessary liquid height for slug initiation decreases with the increases
of gas superficial velocity. It remains constant beyond gas superficial
velocity of 2 m.s™. The interface is disturbed at high gas flow and more

waves are observed between consecutive slugs.
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The majority of the available correlations for predicting slug flow
parameters are limited to a certain range of flow conditions. This due to
that most of the correlations are developed empirically for a limited range

of experimental data, where water was mainly the liquid phase.

7.2 Recommendations for future work

The flow rig constructed in this work can be employed to investigate the influence

of additional flow parameters on the flow evolution around 90° bends, particularly

within slug flow region. A comprehensive study, on gas-liquid flow evolution

through bends, has been conducted in this project, though there is still a room for

improvements and future work:

The effect of the curvature radius of the bends can be evaluated using
bends with different curvature ratios.

More viscous fluids can be used in order to examine the effects of the
physical properties of the fluids. A wide range of industrial relevant data
can be generated.

Detailed experiments on the pressure drop across bends can be conducted,;
using the current system. A differential pressure transducer with a suitable
pressure range should be used for sensitive response and accurate pressure
drop measurements.

The designed pressure system can be used to accurately identify the liquid
slugs. The pressure signals can be used efficiently to discriminate between

liquid slugs and Taylor bubbles.
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Since the measurements in this work were not made simultaneously,
further work should consider the use of affordable probes that can be
located along the pipeline. For instance, developing capacitance ring
probes would allow simultaneous measurements of the averaged void
fraction. While the current available instruments (ECT and WMS) can

offer more detailed information.
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Experimental arrangements

A.1 Experimental matrix

The table below shows the experimental matrix that was conducted for each axial

location along the test section. The matrix of the test runs is not included.

Table A-1: The experimental matrix.

Uis [m/s]
Run Air N\ _Oil 015 | 022 | 030 | 038 | 045 | 053
Ugs [M/s]
1 0.045 a b C d e f
2 0.18 a b C d e f
3 0.36 a b C d e f
4 0.55 a b C d e f
5 0.91 a b C d e f
6 1.37 a b C d e f
7 1.83 a b C d e f
8 2.29 a b C d e f
9 2.75 a b C d e f
10 3.21 a b C d e f
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A.2 Start-up and shutdown procedure
A.2.1Start-up procedures:

1.

10.

11.

12.

Check the silicone oil level in the tank to ensure that it contains enough
silicone oil.

Make sure that the feed valve before the pump is open (V10).

Make sure the feed valve of the inclined rig (V9) is close.

Ensure that the air inlet Valves (V1, V2 and V3) are closed while the
liquid bypass valve (V11) is open.

Check that all devices are connected to the test section and ready to use.
Turn the pump on while main liquid inlet valve is closed to allow the flow
to stabilise in the recycle loop first before it is passed to the mixer.

Open the liquid inlet valve (V12) and start with low flow rate (Im3/hr) that
can fill the pipe section with oil, in order to check for leaks.

Increase the liquid flow rate gradually to the flow rate required (1 to
6mq/hr) and check for any possible leaks.

When it is confirmed that the rig is ready to use, open the air inlet slightly
to form a bubble column.

Increase the gas flow rate to the desirable value (50 to 500 I/min).

Allow sufficient time for the flow to stabilise and then start taking the
measurements.( it is known that the structure of the flow keep changing
with time. This change should stabilise with time and can be ignored).

Set the air and the liquid flow rates to the ranges of interest, by controlling
the air inlet valve (V3) and the bypass valve (V11) respectively. the flow

should reach steady state before taking measurements.
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13. During the experiments check the rig for leaks and excessive vibration, in

which case follow shutdown procedure.

14. The temperature of the fluids should be monitored during the operation.

This is only to make sure that the oil properties are not affected. The
cooling system in the tank should be turned on if the temperature increased

by 6 degrees Celsius from the ambient temperatures.

15. For emergency shutdown, press the upper level emergency stop for the

pump if safe to do so.

A.2.2Shut-down procedures:

1.

2.

3.

Gradually open the liquid bypass valve (V11).

Close the air inlet valves (V3, V2 and V1) respectively.

Turn the pump off from the switch next to the pump.

Drain the oil back to the tank by blowing pressurized air through the pipe
section. A pressurized air hose will be attached to the valve in the
horizontal section (V4 or V5), made for this purpose. This will not drain
the whole amount back to the tank, especially in the vertical section. The
rest of the oil can be drained from the drain valve (V-drain)

Turn off all the electronic devices. Switch the ECT and wire mesh boxes,
through the buttons at the back of each box. Turn off the Pc normally and
then turn off the DAQ device by turning the switch of the extension lead

off. Finally unplug the extension lead.

A.2.3Emergency shutdown

If it is safe;
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1. Press the emergency button for a quick shutdown of the pump. (Two
shutdown buttons are available at the upper and lower platform).

2. Stop the air flow by closing the air inlet valve (V1).1t is located near the
operating plat form and can be accessed in a comfortable way.

3. Switch all measuring devices off. This can be done by turning the switch
of the extension lead off

4. Otherwise evacuate the area

g

Liquid O R | 223
flowmete e B

P Pressure and
~~ temperature
transducers

Figure A-2: Silicone oil tank.
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= e
Figure A-3: Shutdown buttons at the upper platform (left) and the lower platform
(right).

A.3 Camera system

Figure A-4: High speed imaging system.
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A.4 Differential pressure measurements system

A manifold with 4
solenoid valves

4 Solid state
relays

< =X
AR Digital
| Output

The circuit used to actuate the solenoid valves.

3‘“”"'1';" ]
(%,
=

Figure A-5: The differential pressure measurements system.

5\ 12vDC
™ i
Relay
'
Diode + %/ Diode+ Solenoid
valve

Flow == —1M\_[=

Digital
outout =

Figure A-6: A schematic of the circuit showed in figure A-5, adopted from
Recktenwald (2013).
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A.5LabVIEW block diagrams
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Elapsed 1 M ik Signals
B " 7 data 2
Fono] OK message |
= e i i
- _‘ﬂ_ AR | Ny {7
oot bivod q-_b status =]
Sample Clock ¥ Start 500 Analog 1D Wfm _
Digital Edge NChan NSamp
[ [ = o>
L |

1. Create an Analog input channels.
Set the rate of the sample clock rate and mode.
Use the trigger signal to simultaneously start the measurements.

Start the acquisition.

o c D

Read the data and open the solenoid valves sequentially/ Write the measurements to excel file.

6. Clear the task and check for errors.

Figure A-7: The LabVIEW block diagram used for data acquisition.
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7 Stop =
E Enum
1] "start” Vt E
el | 28 L 9 W o | O Emm i T
TEHE || |00 Tam| |3 o DA oo g {@‘/
- ] T S I Digital 1D Bool
|Sample Clock 'ﬂ 1Chan 1Samp 1 N
1000 q i
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Wie L
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1000.00 SiFg' ::als
= =K status =
,@ ’:m - . ﬁ Analog 1D Wfm ] == :I {@‘/
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Digital Edge
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1. Create an Analog input channels.
2. Set the rate of the sample clock rate and mode.
3. Use the trigger signal to simultaneously start the measurements.
4. Start the acquisition.
5. Read the data and open the solenoid valves sequentially/ Write the measurements to excel file.
6. Clear the task and check for errors.

Figure A-8: The LabVIEW block diagram used for data acquisition and valve control.
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Uncertainty analysis

The measurements of any physical quantities are represented in term of the best

estimate as:

(B.1)
Measured value (X) = xpes + 6%

Where; 6x is the uncertainty interval or margin of the best estimate x. This means
that the measured value can fall anywhere between x5 + 6x and xp.5 — 6x. It
is acknowledge that the uncertainty 6x alone may not provide a comprehensible
interpretation of the measurements precision. Therefore the fractional uncertainty

is often used instead.

S5x (B.2)

beestl

Fractional uncertainty =

In the following sections, the uncertainty associated with the measurements
reported in this thesis is estimated based on statistical analysis, as informatively
explained by Taylor (1997) and Kirkup and Frenkel (2006). The equations
applied are listed and the results are presented. More details about error analysis
and uncertainty propagation can be found in (Taylor, 1997; ; Kirkup and Frenkel,

2006).
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B.1 The systematic error of the void fraction
measurements
The systematic error was not provided for both the WMS and the ECT system.

Therefore, experimental comparison was carried out to estimate the discrepancy
between both sensors at identical flow conditions. The results are considered as
the approximate systematic error of the sensors, though, it is not claimed as the

maximum uncertainty of the void fraction measurements.

Figure B-1 illustrates the difference in void fraction values that were obtained
simultaneously from WMS and ECT, for the full range of flow conditions. The
results showed a good agreement between both sensors with an average
percentage error of 5% and standard deviation of 1.02, while the averaged
absolute percentage error is 6.7%. It is noticeable that the voidage data obtained
from WMS are higher than those from the ECT at low flow rates, while the

discrepancy is reversed as the gas superficial velocity increases.

-
1 T T T T o*
034 L
"""
. .
o o
o o
o ..
x o
. .
o o
. .
—~ N QL. et T e
. 5 . s S ol 7
“““
E |5% """""
"""
o 3
“‘
o
.
S~ i
L Lo® -
. .
[ o
o
0
(@] oo* A
— o o
s o
+— .
.
o Q-
o .
. O
© 0 A - * bt} -
— 4 ‘‘‘‘‘‘
.* .* o)
i - 2 5%
+* %4
. .
03 **
=] - -
o o
— 0 .
""""
(@) Y oo*
.
o
TS ¢ 5ot -
. . .
** 0
. *
. -
- o
o
*
o *
,,,,
----
o
** k
0 P r r r r

Void Fraction (ECT)

Figure B-1: The discrepancy of void fraction measurements between the WMS and
the ECT.
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Figure B-2 shows the variation of the average error with the increase of gas
superficial velocity where the error bars represents the standard deviation of the
measurements. It is evident that the error is highest at low gas superficial velocity
(Ugs = 0.045 m.st). As the gas superficial velocity increases the average error

decreases to slightly below zero and the standard deviation approaches zero.
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Figure B-2: The effect of gas superficial velocity on the average error.

B.2 Random uncertainty calculation
After the systematic uncertainty was corrected through calibration procedure, the

random uncertainty is reduced by repeating the runs. The random uncertainty of
the independent flow parameters, including gas and liquid flow, pressure,
frequency and void fraction measurements, was estimated through statistical
analysis. The mean value is considered the best estimate while the standard
deviation of the mean is taken as the uncertainty of the best estimate that describes
the reliability and repeatability of the experimental measurements. The following

equations are used for the statistical analysis:
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X (B:3)
X =
N
o N (xi— %) (B.4)
X N-1
" _ Ox (B.5)
TN

Where; x is the mean and is considered the best estimate for repeated runs. While
o, and oy is the standard deviation and the standard deviation of the mean
respectively. Random uncertainties more often have Gaussian distribution (i.e.
bell shaped distribution) and hence the mean is justified as the best estimate, while
the standard deviation of the mean as the uncertainty of the best estimate with
68% confidence (Taylor, 1997). The results of random uncertainty of all flow

parameters are summarised in Table B-1.

These results indicate the minimum, maximum and average deviation from the
best estimate of the entire flow range. For instance, the minimum and maximum

random error associated with the gas flow can be written as:

(B.6)
10 + 7 X 1073(l/min)

(B.7)
700 £ 0.3(l/min)

The uncertainty of each individual flow parameter can be represented as in

equation (B.8) or (B.9) for entire range of flow conditions. It is clear that the
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random uncertainty, Table B-1, is sufficiently small and hence; the repeatability

of the experimental runs is confidently expected.

Table B-1: Random uncertainty of the measured flow parameters

Measurement Random uncertainty (5x) The mean of 6x
Gas flow 7%x1073 <0, <0.3 0.15
Liquid flow 8x103<0,<2%x1073 5x 1073
pressure 4%x107*<0,<5x%x1073 2x1073
Void fraction 1x107* <0, <1x1073 5x 107
Frequency 3x103<0,<2%x1072 9 x 1072

B.3 Uncertainty propagation estimation

The uncertainty propagation is estimated for the parameters that were measured

indirectly; such as liquid, gas and mixture velocities.

In general, if q is a computed value from several measured values X, y ... and z,

then g can be written as;

(B.8)
q=fy...,2)

The uncertainty in g (8q) is a combination of the uncertainties of the independent

input variables (5x), (6y)... (6z).

For independent and random errors:

2

(Sq—\/(adx) +($5y) +---.+(£(Sz)
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According to Taylor (1997) , 6q should be always smaller than the ordinary sum

of the partial errors of the independent inputs:

50 < aq 5 q 5y aq 5 (B.10)
1= |5x X+ ‘0 ‘ e oz
B.3.1Combined uncertainty calculations
The gas superficial velocity is given as
40, (B.11)
Ugs = 2p2

Where; Q, is the air flow rate and D is the pipe diameter. The equation (B.9) is

applied and the calculations are detailed in the following steps:

The error in uyg due to D alone is:

dugs (B.12)
6ugS(D) aD oD
D% x 0) — (4Q4 * 21D (B.13)
Sy = |20 = (40, 2nD) |
(nD?)?
—(81DQ,) (B.14)
Ollgs(0) = \W o
—80, (B.15)
Sugs(py = |ﬁ oD
The error in uyg due to Q4 alone is:
dugs (B.16)
Sttgsian = 50|00
(D% x 4) — (4Q, * 0) (B.17)
SUgs(ay = 2)2 : 0Qa
(nD?)
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(4mD?) (B.18)
6”.95(@4) = (TL’DZ)Z 6Q4
4 (B.19)
SUgs(ga) = |m 5Q4
The total uncertainty of uy; is
- - (B.20)
5ugs=\/ (Sugsy)” + (Sugsoay)
2 (B.21)

- ($n) + )

Since the uncertainty in pipe diameter is 6D = +5x 10™*mm and the
uncertainty of the gas flow rate (6Q, = £1.17 X 10~* m3.s™1), the combined
uncertainty of gas superficial velocity is calculated from equation (B.21). The

results are illustrated in Figure B-3.
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Figure B-3: The fractional uncertainty of gas superficial velocities.

It is certain that the fractional uncertainty decays exponentially as the gas

superficial velocity increases. The fractional uncertainty is 60% at the lowest gas
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velocity (0.045 m.s') and it approaches 2% at gas superficial velocity of
(Ugs=1.83 m.s?). As the gas superficial velocity increases further the relative

uncertainty remains constant at 2%.

The combined uncertainty of liquid superficial velocities was estimated in a
similar way to the gas superficial velocities, where(6Q; = +1.94 x 10~°m3.s71).
The results are shown in Figure B-4. The uncertainty in liquid superficial
velocities is much smaller than that of gas superficial velocities. It is slightly

higher at low liquid flow rate and then it levels off as the liquid flow increases.
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Figure B-4: The fractional uncertainty of gas superficial velocities.

The mixture velocity is given as:

(B.22)
Up = Ugs + U

In the case of summation, the combined uncertainty is given by the quadrate sum
of the independent uncertainties Taylor (1997), hence the uncertainty of the

mixture velocity can be estimated by:
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- (B.23)
6um=\/(6ugs) + (Suy,)?
30+ 20+
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Figure B-5: The fractional uncertainty of mixture superficial velocities.

Figure B-5 shows the fractional uncertainty of the mixture velocities for different

liquid superficial velocities. The fractional uncertainty decreases exponentially as

the mixture velocity increases for all liquid superficial velocities. The highest

uncertainty value is recorded at the lowest liquid superficial velocity (Uis=0.15

m.s?). As the liquid superficial velocity increases the uncertainty in mixture

velocity decreases. The uncertainty also decreases with the increase of gas

superficial velocity and it levels off as the gas superficial velocity rises beyond

(Ugs:O.gl m.S_l).
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B.4 Statistical analysis of the relative accuracy

The relative accuracy of the ECT and WMS was obtained through a series of
statistical measures. Similar measures were used to quantify the accuracy and
reliability of slug flow theoretical models against the experimental results. The
statistical parameters that were estimated to evaluate theoretically predicted values

are given by the following equations:

1. The percentage error (%E):

calculated value — measred value (B.24)
%E =
measred value
2. The average percentage error (%AE):
B.25)
N %E (
WAE = =——
% N
3. Standard deviation of the error(STD):
N 2 (B.26)
STD = i=1(%E — %Eavg)
- N-1
4. The average absolute error (%AAE):

%AAE = N

B.5 Calibration curves and calibration certificate
Calibration procedure was conducted for the temperature transducers and pressure

transmitters; whereas calibration certificates were supplied, by the manufacturer,

for the flow meters the differential pressure transmitter.
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B.5.1 Temperature sensors

Temperature (°C)
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Figure B-6: Calibration curve of a temperature sensor.

B.5.2Pressure transmitters
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Figure B-7: Calibration curve of a pressure transmitter.
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B.5.3Calibration certificates

1. Liquid flowmeter (m3. hrt)

INFLUX .....occueurs o

12 Bennett House, The Dean, Alresford, Hampshire, S024 9BQ, U.K. Oun:lvs;{;r?:gglmwgsm
T: +44 (0)1962 736736  E: sales@influxmeasurements.com e

Certificate of Calibration

Faculty of Engineering Certificate No. S21589/1
University of Nottingham
University Park

Nottingham

NG7 2RD
Customer Order No.: T12770/24829 Serial No.: 21589/1
Flowmeter Type: Metal tube variable area flowmeter Flow Range: 2-16 m3/h Silicon Oil

SG 0.9 Visc 5¢cP

The above flowmeter was calibrated using equivalent flowrates of Water by series comparison,

using a master flowmeter traceable to National Standards.
Master serial number — IMT 197/201

Indicated Flow Actual Flow
Silicon Oil Silicon Oil
SG 0.9 SG 0.9
Visce 5cP Vise 5cP mA
2 2.06 6.14
4 4.11 8.22
6 6.15 10.22
8 8.08 12.11
10 10.04 14.05
12 12.11 16.13
14 14.02 17.97
16 16.02 19.95

The best measurement capability expressed as an uncertainty does not exceed 1%.

The uncertainties are for a confidence probability of not less than 95%.

Observation:

Signed: o

v
Date: - 14630t

For Influx Measurements Ltd
www.influxmeters.com
Registered Office: Highland House, Mayflower Close, Chandlers Ford, Eastleigh, Hampshire, SO53 4AR Reg. No. 3636204
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2. Air flowmeter (I/min):

INFLUX ....ocuenrs o

1a Bennett House, The Dean, Alresford, Hampshire, $024 9BQ, U.K. 5“":13&:%;3‘%?;;3,‘“
T: +44 (0)1962 736736 E: sales@influxmeasurements.com

Certificate of Calibration

Faculty of Engineering Certificate No. S21589/2
University of Nottingham
University Park

Nottingham

NG7 2RD
Customer Order No.: T12770/24829 Serial No.: 21589/2
Flowmeter Type: Azbil Corp —~ MFC 151 AGN D01 0000 Flow Range: 1000L/min Air or N2 at STP

Thermal mass flowmeter

The above flowmeter was calibrated using equivalent flowrates of Air by series comparison,
using a master flowmeter traceable to National Standards.
Master serial number — IMT 232/181

Indicated Flow Actual Flow
STP STP
L/min L/min

86 93.18
172 186.36
262 279.53
354 372.71
448 465.89
542 559.07
634 652.24
730 745.42
830 838.60
924 931.78

The best measurement capability expressed as an uncertainty does not exceed 1%.

The uncertainties are for a confidence probability of not less than 95%.

Observation: ~ The 4-20mA outputs correspond as expected to display

Signed: N ey

Date:

For Influx Measurements Ltd
www.influxmeters.com
Registered Office: Highland House, Mayflower Close, Chandlers Ford, Eastleigh, Hampshire, SO53 4AR Reg. No. 3636204
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3. Differential pressure transmitter (bar)

V"B"E’j P

i H. Nordring 22-24, D-65719 Hotheim

CALIBRATION CERTIFICATE

Equipment Name
Model Number

Serial Number

Sensor Serial Number
Tag Number 2 -
Calibration Range

6130503

Smart Differential Pressure Transmitter
PAD-DEE5S2NS00

D31-09-6000516

0 to 1.865 bar

Output Mode Linear
INPUT OUTPUT
Pressure Desired Measured Error Measured Error Result
(bar) (mA) Inc. (mA) (%) Dec. (mA) (%)
0.00000 4 3.999 -0.006 3.999 -0.008
0.46625 1 8 7.999 -0.006 | 8.001 0.008
0.93250 | 12 11.999 -0.006 | 12.004 0.025| GOOD
1.39875 | 16 16.000 0.000 | 16.003 0.019
1.86500 [ 20 20.000 0000| - =
span accuracy = (Standard Value-Measurement Value) / adj_span * 100%
Accuracy Test Ref. IEC 61298-2
Itemn | Result
Appearance Refer to Inspection Standard GOOD
Insulation Resistance 500 VDC , = 2012 GOOD
Dielectric Strength 500 VAC , 1 Min. GOOD
Process Connection | _High : 1/4"18 NPT | Low : 1/4"18 NPT GOOD
Electrical Connection ! 1/2" 14 NPT GOOD
Communication Function | _Refer to Inspection Standard GOOD
Ambient Temp. & Hum. i 21 T & 50 % R.H
Date 2013-06-07
Inspector W
QA Manager ,/%
Weitere KOBOLD. befinden sich in Landem: KOBOLD Messring GmbH Geschafisfahrer:
Nordring 22-24 Dipl-Ing. Kiaus J. Kobold
AGYPTEN, ALGERIEN, ARGENTINEEN, AUSTRALEN, BELGIEN, BULGARIEN, CHILE, CHINA, DOMINKANISCHE [l || D-65719 Homeim/Ts. Dipl.-ing. Harald Pelers

GROSSBRITANNIEN, INDIEN, INDONESEN, ITALIEN, KANADA, KOLUMBEN, =

E, OSTERREICH, PERU,
SCHWETZ, SINGAPUR, SLOWAKEL SPANEN, SUD KOREA, TAWAN, THAILAND,
UNGARN, USA, VENEZUELA, VIETNAM

+49 (0)6192) 2930
Fax  +49 (0)6192) 23338
E-mail: info.de@kobold.com
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